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ABSTRACT 
 
TRANSITION-METAL-CATALYZED ENANTIOSELECTIVE SYNTHESIS AND 
FUNCTIONALIZATION OF 1,2- AND 1,4-BIS(BORONATE)ESTERS 
 
by 
HEATHER ELIZABETH BURKS 
 
Dissertation Advisor 
Professor James P. Morken 
 
 The first examples of an enantioselective allene diboration and diene diboration 
are reported.  The asymmetric palladium-catalyzed allene diboration afforded 1,2-
bis(boronate)esters in up to 98% ee.  The reaction development for the allene diboration, 
as well as the expansion of the substrate scope, and elucidation of the reaction 
mechanism are reported.  Following the development of the enantioselective allene 
diboration, the first enantioselective diene diboration was disclosed.  1,4-Dihydroxylation 
products resulting from a tandem diene diboration/oxidation sequence are obtained in up 
to 92% ee.  
In memory of: 
 
My grandmother Betty Lou Hill and my great-grandmother Juanita Louden 
 
Dedicated to: 
My grandfather George Hill, Jr.  
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Chapter 1 
 
Catalytic Enantioselective Diboration, Disilylation and Silylboration: New 
Opportunities for Asymmetric Synthesis 
 
1.1. Introduction  
 Organoboranes and organosilanes are versatile reagents for organic synthesis, due 
in part to a combination of accessibility, stability, and reactivity.  For example, while the 
majority of organoboronic esters are stable to air and moisture, under the appropriate 
reaction conditions they participate in oxidation, amination, sulfination, phosphination, 
halogenation and a variety of catalyzed and non-catalyzed carbon-carbon bond forming 
reactions.1   While the number of synthetic transformations available to functionalize 
organosilanes is not as extensive as organoboronic esters, protodesilation,2 oxidation,3 
and cross-coupling4 are effective transformations that rapidly build molecular complexity.  
 To construct densely-functionalized organoboranes for use in synthesis a number 
                                                 
(1) (a) Phosphination and sulfination:  Draper, P. M.; Chan, T. H.;  Harpp, D. N. Tetrahedron Lett. 1970, 
11, 1687.  Catalytic cross-coupling:  (b) A. Suzuki, J. Organomet. Chem. 1999, 576, 147.  Review 
including all other reactions, see:  (c) Kohta, S.; Lahiri, K.; Kashinath, D. Tetrahedron 2002, 58, 9633.  (d) 
Brown, H. C.; Singaram, B. Pure Appl. Chem. 1987, 59, 879.  For a recent review describing reactions of 
organoboronic esters, see:  (e) Crudden, C. M.; Edwards, D. Eur. J. Org. Chem. 2003, 4695. 
(2) (a) Hudrlik, P. F.; Hudrlik, A. M.; Kulkarni, A. K. J. Am. Chem. Soc. 1982, 104, 6809.  (b) Heitzman, C. 
L.; Lambert, W. T.; Mertz, E.; Shotwell, J. B.; Tinsley, J. M.; Va, P.; Roush, W. R. Org. Lett. 2005, 7, 2405.  
(c) Honda, M.; Mikami, Y.; Sanjyo, T.; Segi, M.; Nakajima, T. Chem. Lett. 2005, 34, 1432. 
(3) Review: Jones, G. R.; Landais, Y. Tetrahedron 1996, 52, 7599. 
(4) Hatanaka, Y.; Hiyama, T. J. Am. Chem. Soc. 1990, 112, 7793. 
1 
of catalytic reactions may be used.  The addition of B2Cl4 to unsaturated substrates has 
been known for many years, and within the past 10 years, catalytic versions of the 
addition of dimetalation reagents have been developed.5  Very recently, the catalytic 
asymmetric addition of diborons,6 disilanes,6 and silylboron6 reagents to π-systems has 
emerged (Scheme 1.1).  In connection with these reactions, the functionalization of the 
organo-element bond, through the addition of the appropriate reagent, would facilitate the 
ability to install molecular diversity in a limited number of synthetic steps.   
 
Scheme 1.1.  Addition of Dimetalation Reagents to π-Systems  
M M
catalyst
MM EE
E+
M = B or Si  
 
1.2. Background 
 The majority of dimetalation reactions may be summarized by three generalized 
reaction mechanisms.7  The most common mechanism for dimetalation of π-systems is 
depicted in Scheme 1.2.  Oxidative addition of the dimetalation reagent to the transition 
metal, followed by substrate coordination, insertion, and reductive elimination affords the 
desired product, and subsequently regenerates the transition-metal catalyst.   
                                                 
(5) Reviews on element-element additions, see:  (a) Beletskaya, I.; Moberg, C. Chem. Rev. 2006, 106, 2320.  
For reviews on diboration, see: (b) Ishiyama, T.; Miyaura, N. Chem. Record 2004, 3, 271.  (c) Marder, T. 
B.; Norman, N. C. Topics in Catalysis 1998, 5, 63.  For a review on disilylation, see:  (d) Sharma, H. K.; 
Pannell, K. H. Chem. Rev. 1995, 95, 1351.  For a review on silylboration and disilylation see: (e)  
Suginome, M.; Ito, Y. Chem. Rev. 2000, 100, 3221. 
(6) For a recent review on enantioselective diboration, disilylation, and silylboration, see: Burks, H. E.; 
Morken, J. P. Chem. Commun. 2007, 4717.    
(7) There are exceptions to these generalizations.  For example, see:  Ogoshi, S.; Tomiyasu, S.; Morita, M.; 
Kurosawa, H. J. Am. Chem. Soc. 2002, 124, 11598. 
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Scheme 1.2.  Generalized Catalytic Cycle for Oxidative Addition of Dimetalation 
Reagents 
M
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B
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B
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Cycle A
 
 
 The second generalized reaction mechanism for the dimetalation of unsaturated 
compounds does not involve oxidative addition of the dimetalation reagent to the 
transition-metal catalyst (Scheme 1.3).  Instead, in a mechanism put forth by Cheng and 
co-workers, transition-metal-catalyzed dimetalation is initiated by oxidative addition of a 
boron/silicon halide to the catalyst.8  As depicted in cycle B, oxidative addition of the 
boron-halide to the transition-metal catalyst is followed by substrate coordination and 
insertion.  Transmetalation between this intermediate and the dimetalation reagent 
regenerates the boron/silicon halide, as well as a metal-bis(boryl) intermediate that is 
situated for reductive elimination to afford product.   
 
Scheme 1.3.  General Catalytic Cycle for Oxidative Addition of a Boron/Silicon Halide 
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M
X
B
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X
BBM
X
BB
BM
B
X B
B B
B X
Cycle B
(8) (a) Chang, K. -J., Rayabarapu, D. K.; Yang, F. -Y.; Cheng, C. -H. J. Am. Chem. Soc. 2005, 127, 126.  
(b) Yang, F. -Y.; Cheng, C. -H. J. Am. Chem. Soc. 2001, 123, 761.  
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 The final generalized reaction mechanism for dimetalation differs from the 
previous two mechanisms in that it does not rely on oxidative addition of any reagents 
(Scheme 1.4).9  This cycle applies to activated alkenes and begins with a metal-boryl 
species which coordinates to the substrate (cycle C, dimetalation).  Substrate insertion 
into the M-B bond delivers a metal-enolate that undergoes transmetalation with a 
dimetalation reagent to complete the catalytic cycle.  In some cases, hydrometalation of 
the metallo-enolate may occur, generating the β-boryl carbonyl and a metal alkoxide 
(cycle C, hydrometalation).  In this circumstance, transmetalation between the metal 
alkoxide and the interelement reagent regenerates the metal-boron catalyst, which 
subsequently re-enters the catalytic cycle.   
 
Scheme 1.4.  Generalized Catalytic Cycle Not Involving Oxidative Addition 
O
M B
O B
M
O B
M B
B B
B
O B
M OR
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Cycle C
dimetalation
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 The commercial availability of the requisite dimetalation reagents for diboration, 
disilylation, and silylboration is limited.  Commercially available bis(pinacolato)diboron, 
B2(pin)2, and bis(catecholato)diboron, B2(cat)2, are commonly employed in transition-
metal-catalyzed diboration reactions (Figure 1.1).  A handful of other diborons are 
                                                 
(9) (a) Ito, H.; Ishizuka, T.; Tateiwa, J.; Sonoda, M.; Hosomi, A. J. Am. Chem. Soc. 1998, 120, 11196.  (b) 
Clark, C. T.; Lake, J. F.; Scheidt, K. A. J. Am. Chem. Soc. 2004, 126, 84.  
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commercially available; however, their costly preparation, purification, and stability 
make their utility in diboration reactions less attractive.  Several reports have surfaced 
highlighting the differences between B2(pin)2 and B2(cat)2.  From a practical standpoint, 
B2(pin)2 is significantly more attractive to employ in diboration reactions, due to its 
stability in air and moisture. Additionally, it is available on a multi-kilogram scale for 
about $900 per kg. 10   Bis(catecholato)diboron is significantly more expensive than 
B2(pin)2, available for $62,000 per kg.11   
 
O
B
O
B
O
O
B2(cat)2
B B
O
O O
OMe
Me Me
Me
Me
Me
Me
Me
B2(pin)2
PhMe2Si B
O
O
Me
Me
Me
Me
PhMe2SiB(pin)  
Figure 1.1.  Commercially Available Dimetalation Reagents 
 
 Reactivity differences also exist between B2(pin)2 and B2(cat)2.  The rate of 
oxidative addition of B2(cat)2 to (PPh3)2Pt(ethylene) is faster than with B2(pin)2.12  The 
bis(boryl) intermediate derived from oxidative addition of B2(cat)2 to platinum(0) may be 
more stable than B2(pin)2.13  The addition of B2(cat)2 to (PPh3)2Pt(Bpin)2 irreversibly 
formed B2(pin)2 and (PPh3)2Pt(Bcat)2.13  In kinetic experiments conducted by Norman 
and Marder, the Pt-catalyzed alkyne diboration with B2(cat)2 was significantly faster than 
with B2(pin)2.12  The choice of employing B2(cat)2 or B2(pin)2 in a diboration reaction 
                                                 
(10) This price is from AllyChem Co. Ltd. (www.allychem.com) for orders of over 100 kg.  For smaller 
quantities the price is $995/kg. 
(11) B2(cat)2 is commercially available from Sigma-Aldrich for $309/5 g.  
(12) Lesley, G.; Nguyen, P.; Taylor, N. J.; Marder, T. B.; Scott, A. J.; Clegg, W.; Norman, N. C. 
Organometallics 1996, 15, 5137.  
(13) Iverson, C. N.; Smith, M. R., III, Organometallics 1996, 15, 5155.  
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depends upon the transition metal employed in the reaction as well as the reactivity of the 
substrate.   
 A catalytic system may be tuned to promote diboration of unreactive π-systems 
by employing the more reactive B2(cat)2.  On the other hand, should the diboration 
product need to be isolated, the use of B2(pin)2 is more desirable as these pinacol-derived 
bis(boronate)esters are more stable than their catechol analogs.   
 Reports of the addition of disilanes across π-bonds have increased over the last 
two decades.  However, the number of disilanes that are commercially available and 
viable for the oxidative addition to transition-metal catalysts, a requisite for general 
catalytic cycles A and B (Scheme 1.2 and 1.3), remains limited.  The rate of oxidative 
addition of disilanes to transition metals is enhanced by the addition of electronegative 
atoms to silicon, and employing sterically less encumbered substituents on silicon is also 
beneficial.14  Only a handful of disilanes with these requirements are readily available.  
The requisite dimetalation reagents for transition-metal catalyzed silylboration reactions 
are limited to only one commercially available silylboron, PhMe2Si-B(pin) (Figure 1.1).  
While the commercial availability of silylborons is limited, their preparation is relatively 
straightforward.15  Analogous to disilanes, the addition of electronegative elements on 
silicon enhances the reactivity of these substrates toward oxidative addition to transition-
metal catalysts.   
 
 
                                                 
(14) Sharma, H. K.; Pannell, K. H. Chem. Rev. 1995, 95, 1351.  
(15) Ohmura, T.; Masuda, K.; Furukawa, H.; Suginome, M. Organometallics 2007, 26, 1291.  
6 
1.3. Unactivated Alkenes 
 1.3.1. Diboration of alkenes.  Unfunctionalized alkenes, containing no functional 
groups suitable for coordination to a transition-metal catalyst, represent a challenging 
class of substrates for dimetalation reactions.  The challenge is even more substantial 
when considering asymmetric catalysis.  Miyaura and Suzuki reported the first transition-
metal-catalyzed addition of diboron reagents to unsaturated unactivated substrates. 16   
This “ligand-free” platinum-catalyzed addition of diboron reagents to alkynes was later 
extended to alkenes (Scheme 1.5, eq. 1); however, it left no possibility for asymmetric 
catalysis.17  Reports soon followed which employed rhodium(I) and gold catalysts in the 
diboration of unactivated alkenes (Scheme 1.5, eq. 2);18 however, the asymmetric variant 
remained elusive for quite some time.   
 
Scheme 1.5.  Platinum, Rhodium, and Gold-Catalyzed Diboration of Alkenes 
B2(cat)2
catalyst 1.1 or 1.2
THF
B(cat)
B(cat)
O
B
O
O
O
Rh(dppb)
1.1
PCy2
PCy2
AuCl(PEt3)
1.2
B2(pin)2
3 mol % Pt(dba)2
toluene, 50 oC
86% yield
B(pin)
B(pin) (eq. 1)
(eq. 2)
 
                                                 
(16) Ishiyama, T.; Matsuda, N.; Miyaura, N.; Suzuki, A. J. Am. Chem. Soc. 1993, 115, 11018. 
(17) (a) Ishiyama, T.; Yamamoto, M.; Miyaura, N. Chem. Commun. 1997, 689.  (b) Iverson, C. N.; Smith, 
M. R., III, Organometallics 1997, 16, 2757. 
(18) (a) Baker, R. T.; Nguyen, P.; Marder, T. B.; Westcott, S. A. Angew. Chem., Int. Ed. Engl. 1995, 34, 
1336.  (b) Dai, C.; Robins, E. G.; Scott, A. J.; Clegg, W.; Yufit, D. S.; Howard, J. A. K.; Marder, T. B.; 
Chem. Commun. 1998, 1983.  (c) Nguyen, P.; Coapes, R. B.; Woodward, A. D.; Taylor, N. J.; Burke, J. M.; 
Howard, J. A. K.; Marder, T. B. J. Organomet. Chem. 2002, 652, 77. 
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 In 2003, the Morken lab reported the first asymmetric transition-metal-catalyzed 
diboration of unactivated alkenes.19  Complexes between rhodium(I) and (S)-QUINAP 
catalyzed the addition of B2(cat)2 to prochiral unfunctionalized alkenes.  A syn-1,2-diol 
was obtained following treatment of resulting 1,2-bis(boronate)ester with alkaline 
hydrogen peroxide (Scheme 1.6).  The rhodium-catalyzed diboration of trans-alkenes 
delivered 1,2-diols in high enantiomeric excess (up to 98% ee).  Oxygen-containing 
trans-disubstituted alkenes were also converted to diols in high enantiomeric excess, as 
long as the oxygen was not at the allylic position.  Allylic ethers formed allyl boronic 
esters under these reaction conditions. 20   While the rhodium/QUINAP catalyst is 
excellent for trans-alkenes, 1,1’-disubstituted alkenes and aliphatic alkenes delivered 1,2-
diols of diminished enantioselectivities.  In regards to aliphatic alkenes, substrates 
bearing a quaternary center adjacent to the alkene were more selective, affording 
products of high enantiomeric excess (93-95% ee).  Diboration of cis-olefins delivered 
products of diminished enantioselectivities, as illustrated in the diboration cis-β-methyl 
styrene and 1,2-dihydronaphthalene.  In order to increase the enantioselectivity for the 
diboration of mono-substituted alkenes, not bearing an α-quaternary center, various 
reaction conditions have been surveyed by our laboratory and by that of Ferandez;21 
however, to date a highly enantioselective process remains elusive.  
   
                                                 
(19) (a) Morgan, J. B.; Miller, S. P.; Morken, J. P. J. Am. Chem. Soc.  2003, 125, 8702.  (b) Trudeau, S.; 
Morgan, J. B.; Shrestha, M.; Morken, J. P. J. Org. Chem. 2005, 70, 9538. 
(20) While this reactivity has been documented for palladium-catalysis, this is the first example with 
rhodium-catalysis.  References for palladium-catalysis:  (a) Ishiyama, T.; Ahiko, T.; Miyaura, N. 
Tetrahedron Lett. 1996, 37, 6889.  (b) Ahiko, T.; Ishiyama, T.; Miyaura, N. Chem. Lett. 1997, 811.  
(21) Ramirez, J.; Segarra, A. M.; Ferandez, E. Tetrahedron: Asymmetry  2005, 16, 1289. 
8 
Scheme 1.6.  Rh(I)-Catalyzed Asymmetric Diboration of Alkenes 
R1
R2 B2(cat)2
5 mol % (nbd)Rh(acac)
5 mol % (S)-QUINAP
THF, rt
then H2O2, NaOH
R1
R2
OH
OH
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Me
71% y, 93% ee
p-anisyl
Me
71% y, >98% ee
Ph
Ph
48% y, 98% ee
n-butyl
n-butyl
76% y, 98% ee
Et
OTBDPS
62% y, 97% ee
Et
OBn
62% y, 97% ee
Et
OMOM
68% y, 98% ee
Ph
Me
67% y, 46% ee
t-butyl
47% y, 94% ee
Me
Me Me
82% y, 95% ee
Cy
81% y, 59% ee
Me
Me
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Me
68% y, 88% ee 72% y, -49% ee
Me
61% y, -49% ee
Ph
68% y, 33% ee
t-butyl
79% y, 61% ee
Me
17% y, 93% ee
octyl
82% y, 62% ee
N
Ph2P
(S)-QUINAP
  
 
 The enantioselective rhodium-catalyzed diboration of alkenes, in particular 
aliphatic alkenes, provides by-products resulting from β-hydride elimination.  The ligand-
free platinum-catalyzed diboration of alkenes, and the gold-catalyzed variant reported by 
Baker (Scheme 1.5), are the only two reactions that limit formation of by-products 
resulting from β-hydride elimination.  Recent reports from Fernadez et al. are directed 
towards solving this problem.22  Gold(I)-, silver(I)-, and platinum(I)-NHC catalysts were 
synthesized and found to catalyze the addition of B2(cat)2 to prochiral monosubstituted 
                                                 
(22) (a) Ramirez, J.; Corberan, R.; Sanau, M.; Peris, E.; Fernandez, E. Chem. Commun. 2005, 3056.  (b) 
Corberan, R.; Ramirez, J.; Poyatos, M.; Peris, E.; Fernandez, E. Tetrahedron: Asymmetry  2006, 17, 1759.  
(c) Lillo, V.; Mata, J.; Ramirez, J.; Peris, E.; Fernandez, E. Organometallics 2006, 25, 5829. 
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alkenes.  However, when chiral NHC ligands were employed with these metals, the 
enantioselectivities of the 1,2-bis(boronate)esters were very low (4-17% ee).   
 The synthetic utility of the organoboron intermediate is broad.  The 
functionalization of this reactive intermediate allows access to connectivities not 
previously available by traditional organic synthesis.  While several methods exist to 
synthesize chiral syn-1,2-diols, the ability to access a chiral syn-1,4-diol or to convert a 
simple alkene to an aryl alcohol in one step is challenging.  The experiments in Scheme 
1.7 show how diboration can provide a solution.  Rhodium-catalyzed diboration of β-
methyl styrene delivered the intermediate syn-1,2-bis(boronate)ester.19  Exchange of the 
catechol group on boron for pinacol, followed by Matteson homologation and oxidation 
delivered the syn-1,4-diol in a one pot process (Scheme 1.7, eq. 1).  The 1,2-
bis(boronate)ester intermediate may also undergo selective cross-coupling to the primary 
carbon-boron bond (Scheme 1.7, eq. 2).23  Following treatment with alkaline hydrogen 
peroxide, the chiral secondary alcohol is obtained in 98% ee.   
 
 
 
 
 
 
 
 
 
                                                 
(23) Miller, S. P.; Morgan, J. B.; Nepveux, F. J., V; Morken, J. P. Org. Lett. 2006, 6, 131.   
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Scheme 1.7.  Rh(I)-Catalyzed Enantioselective Diboration/Suzuki Cross-Coupling 
B2(cat)2
5 mol % (nbd)Rh(acac)
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N
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98% ee
(eq. 2)
Ph
Me
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Ph
Me
B(cat)
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3. H2O2, NaOH
Ph
Me
OH
HO
51% yield
93% ee
(eq. 1)
 
   
 1.3.2. Disilylation of Alkenes.  In 1990, Tanaka reported the first example of a 
transition-metal-catalyzed disilylation of olefins.24  Previous reports illustrated that the 
disilylation of alkynes25 and dienes26 was possible; however, until Tanaka’s report, the 
bis(silylation) of olefins was uncharted chemistry.  Employing disilylation reagents 
bearing electronegative atoms, the platinum-catalyzed cis-addition of FMe2SiSiMe2F to 
norborene proceeded in 26% yield (Scheme 1.8, eq. 1).  However, disilylation of 
norborene with PhMe2SiSiPhMe2 did not proceed under analogous reaction conditions, 
thus illustrating that an electron-withdrawing substitutent on silicon is required.  
Electron-rich phosphines, thought to increase electron-density at the catalyst center, 
facilitated oxidative addition and enabled the reaction in higher yields.24  While the 
asymmetric intermolecular bis(silylation) of olefins has yet to be reported, one might 
                                                 
(24) Hayashi, T.; Kobayashi, T. -A.; Kawamoto, A. M.; Yamashita, H.; Tanaka, M. Organometallics 1990, 
9, 280. 
(25) (a) Suginome, M.; Oike, H.; Park, S. –S.; Ito, Y. Bull. Chem. Soc. Jpn. 1996, 69, 289.  (b)  Suginome, 
M.; Ito, Y. J. Organomet. Chem. 2003, 685, 218.  
(26) Okinoshima, H.; Yamamoto, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 9263.   
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envision the possibility of asymmetric induction by the addition of electron-rich chiral 
phosphine ligands to platinum.   
 
Scheme 1.8.  Inter- and Intramolecular Disilylation of Alkenes 
FMe2Si SiMe2F
4 mol % Pt(PPh3)4
benzene, 150 oC
SiMe2F
SiMe2F
26% yield
(eq. 1)
O Me
Si
SiMe2Ph
o-tol
o-tol
MeMe
N
C
OTMS
OTMS
2 mol % Pd(acac)2
30 mol %
SiO
SiMe2Ph
o-tol
o-tol
Me
(eq. 2)
59% yield
78% ee
toluene, 80 oC
1.3:
 
 Suginome and Ito have reported the possibility of an intramolecular palladium(II)-
catalyzed alkene disilylation employing t-butyl isocyanide ligands. 27   The t-alkyl 
isocyanide ligands render a more electron-rich palladium(II) catalyst which may be 
isoelectronic with Pd(0), and capable of forming the bis(silyl)palladium(II).  When 
sterically encumbered phosphine ligands are employed on the transition-metal catalyst, 
the propensity for oxidative addition of disilanes to the metal is curtailed.  When the 
isocyanide ligand is used in conjunction with palladium, the steric encumbrance around 
the metal center is removed, facilitating oxidative addition.  Suginome and Ito have 
recently reported an asymmetric variant, employing chiral isocyanide 1.3 for the 
intramolecular disilylation of a 1,1’-disubstituted alkene (Scheme 1.8, eq. 2).28   
                                                 
(27) (a) Suginome, M.; Oike, H.; Park, S. -S.; Ito, Y. Bull. Chem. Soc. Jpn. 1996, 69, 289.  (b) Ito, Y.; 
Suginome, M. Pure Appl. Chem. 1996, 68, 505.  (c) Suginome, M.; Iwanami, T.; Ohmori, Y.; Matsumoto, 
A.; Ito, Y. Chem. Eur. J. 2005, 11, 2954. 
(28) Suginome, M.; Nakamura, H.; Ito, Y. Tetrahedron Lett. 1997, 38, 555. 
12 
 1.3.3. Silylboration of Alkenes.  The transition-metal-catalyzed silylboration of 
unfunctionalized alkenes allows for discriminatory functionalization of each olefinic 
carbon.  In 1997, Ito and co-workers reported the first example of the silylboration of 
unfunctionalized alkenes.29  The platinum-catalyzed process employed the heterometallic 
reagent PhMe2SiB(pin) with good regiocontrol, and yielded 2-boryl-1-silylalkanes.  
While the enantioselective silylboration of alkenes has yet to be reported, Suginome et al. 
have disclosed a diastereoselective intramolecular silylboration of alkenes (Scheme 
1.9).30  The intramolecularity minimizes formation of 1-boryl-1-silylalkanes, common 
by-products in the intermolecular version.  Furthermore, the addition of a silicon-tether to 
the aliphatic alkene delivers the silylborane in a stereo- and regioselective manner.  
Depending on the ligand for this platinum-catalyzed process, the cis- or trans-
diastereomer may be formed preferentially.  Matteson homologation of the resulting 
silylboron followed by a Tamao-Fleming oxidation furnishes 1,3,5-triols, which are 
obtained in high yields.   
 
 
 
 
 
 
 
                                                 
(29) Suginome, M.; Nakamura, H.; Ito, Y. Angew. Chem., Int. Ed. Engl. 1997, 36, 2516. 
(30) Ohmura, T.; Furukawa, H.; Suginome, M. J. Am. Chem. Soc. 2006, 128, 13366. 
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Scheme 1.9.  Intramolecular Diastereoselective Disilylation of Alkenes 
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1.4. α,β-Unsaturated Ketones and Derivatives 
 1.4.1. Diboration of Enones.  Transition-metal-catalyzed diboration of α,β-
unsaturated ketones, nitriles, esters, and phosphonates generally affords the 1,4-
diboration product, although the 3,4-diboration product has been observed.31  Platinum 
and rhodium catalysts 32  have been effective in promoting the addition of diboron 
reagents to α,β-unsaturated ketones, esters, and nitriles; however, the reaction with these 
catalysts has yet to be rendered enantioselective.  The copper-catalyzed borylation of α,β-
unsaturated ketones and derivatives has recently become of interest to several research 
groups. 33   Transmetalation between diboron reagents and copper(I) salts produces a 
copper-boryl nucleophile that behaves similarly to other organocopper nucleophiles.  The 
copper-boryl nucleophile is capable of conjugate addition to α,β-unsaturated carbonyl 
                                                 
(31) (a) Bell, N. J.; Cox, A. J.; Cameron, N. R.; Evans, J. S. O.; Marder, T. B.; Duin, M. A.; Elsevier, C. J.; 
Baucherel, X.; Tulloch, A. A. D.; Tooze, R. P. Chem. Commun. 2004, 1854.  (b) Lawson, Y. G.; Lesley, M. 
J. G.; Norman, N. C.; Rice, C. R.; Marder, T. B. Chem. Commun. 1997, 2051.  
(32) Kabalka, G. W.; Das, B. C.; Das, S. Tetrahedron Lett. 2002, 43, 2323. 
(33) (a) Takahashi, K.; Ishiyama, T.; Miyaura, N. Chem. Lett. 2000, 982. (b) Ito, H.; Yamanaka, H.; 
Tateiwa, J.; Hosomi, A. Tetrahedron Lett. 2000, 47, 6821. (c) Ito, H.; Kawakami, C.;  Sawamura, M. J. Am. 
Chem. Soc. 2005, 127, 16034. (d) Takahashi, K.; Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2001, 
625, 47.  
14 
derivatives, delivering a β-boryl boron enolate.  Yun and co-workers have exploited this 
catalyst system and extended it to employ several α,β-unsaturated substrates, including 
esters and nitriles.34  The addition of a chiral ligand facilitated the introduction of a β-
boryl group to an α,β-unsaturated nitrile (Scheme 1.10).  Oxidation of the resulting 
carbon-boron bond delivered the β-hydroxy nitrile in 82% ee.  Interestingly, effective 
catalysis required the addition of methanol to facilitate protolytic turnover of an 
intermediate copper enolate (see cycle C, Scheme 1.4). 
 
Scheme 1.10.  Copper-Catalyzed Enantioselective Diboration of an α,β-Unsaturated 
Nitrile 
N
3 mol % CuCl
3 mol % Josiphos
9 mol % NaOtBu
MeOH (2 equiv)
B2(pin)2
N
B(pin)
NaBO3 N
OH
84% yield
82% eePPh2
PCy2
Me
FeJosiphos:
 
 1.4.2. Disilylation of Enones.  In 1998, the asymmetric disilylation of enones was 
developed by Hayashi and Ito.35  While the disilylation of enones has been accomplished 
with Cu(I)-phosphine36 and Pd(0) catalyst systems,37 only the Pd(0)-phosphine catalyst 
reported by Hayashi and Ito renders this transformation enantioselective.34  In the 
presence of BINAP, the palladium-catalyzed disilylation of 1-phenyl-2-buten-1-one with 
                                                 
(34) Mun, S.; Lee, J. -E.; Yun, J. Org. Lett. 2006, 8, 4887. 
(35) (a) Hayashi, T.; Matsumoto, Y.; Ito, Y. Tetrahedron Lett. 1988, 29, 4147; (b) Matsumoto, Y.; Hayashi, 
T.; Ito, Y. Tetrahedron 1994, 50, 335. (c) Hayashi, T.; Matsumoto, Y.; Ito, Y. J. Am. Chem. Soc. 1988, 110, 
5579.  
(36) (a) Ito, H.; Ishizuka, T.; Tateiwa, J.; Sonoda, M.; Hosomi, A. J. Am. Chem. Soc. 1998, 120, 11196. (b) 
Clark, C. T.; Lake, J. F.; Scheidt, K. A. J. Am. Chem. Soc. 2004, 126, 84.   
(37) Ogoshi, S.; Tomiyasu, T.; Morita, M.; Kurosawa, H. J. Am. Chem. Soc. 2002, 124, 11598.   
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Cl2PhSiSiMe3 occurred in an enantioselective fashion (Scheme 1.11).  Treatment of the 
1,4-disilyl intermediate with methyl lithium, followed by alkylation with methyl iodide, 
produced the anti-α-methyl-β-silyl ketone in high diastereoselectivity.  The 
stereochemical outcome for the alkylation of the β-silyl lithium enolate has previously 
been rationalized by Fleming et al., and it is such that the methyl is anti to the large 
silicon group.38   
 
Scheme 1.11.  Asymmetric Pd-Catalyzed Disilylation of Enones 
Me
O
Ph
0.5 mol % 
[(S)-binap]PdCl2
Cl2PhSiSiMe3
benzene
Me
O
Ph
PhCl2Si
SiMe3
1. MeLi
2. MeI
Me
O
Ph
PhMe2Si
Me
1. HBF4
2. H2O2, KF
Me
O
Ph
OH
Me
72% yield
>20:1 d.r. (87% ee)
90% yield
>20:1 d.r. (87% ee)  
 1.4.3. Silylboration of Enones.  The asymmetric Rh-catalyzed addition of 
silylboron reagents was recently reported by Oestreich (Scheme 1.12).39  The installation 
of a β-silyl moiety proceeds with acyclic as well as cyclic substrates.  Excess ligand is 
required in order to obtain the product in high enantiomeric excess, suggesting that a high 
background reaction by ligand-free rhodium may occur.  An additional base is also 
required for this transformation to proceed with high enantioselectivity.  Considering that 
                                                 
(38) (a) Bernhard, W.; Fleming, I.; Waterson, D. J. Chem. Soc., Chem. Commun. 1984, 28. (b) Bernhard, 
W.; Fleming, I. J. Organomet. Chem. 1984, 271, 281.  (c) Fleming, I.; Hill, J. H. M.; Parker, D.; Waterson, 
D. J. Chem. Soc., Chem. Commun. 1985, 318.  
(39) (a) Walter, C.; Auer, G.; Oestreich, M. Angew. Chem. Int. Ed. 2006, 45, 5675.  (b)  Walter, C.; 
Oestreich, M. Angew. Chem. Int. Ed. 2008, 47, 3818.  
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the reaction is catalyzed by rhodium(I) salts in the presence of both base and water, 
suggests that the mechanism is similar to that proposed by Hayashi et al. for the rhodium-
catalyzed conjugate addition reaction (see Cycle C).40   
 
Scheme 1.12.  Enantioselective Silylboration of Enones 
O
O
O
O
SiMe2Ph
5 mol % [(cod)Rh(S)-binap]ClO4
5 mol % (S)-binap, Et3N(pin)B-SiMe2Ph
dioxanes/H2O 10:1
58% yield
96% ee  
 
1.5. Methylenecyclopropanes 
 Methylenecyclopropanes (MCPs) offer a unique reactivity not available to other 
unsaturated hydrocarbons.41  Transition-metal-catalyzed processes may occur on either 
the proximal or the distal bond of the MCP (Scheme 1.13).  In addition, employing a 
heterobimetallic reagent poses regioselectivity as an additional challenge, which needs to 
be addressed in the development of such processes.  Miyaura has reported the platinum-
catalyzed addition of diboron reagents to the proximal bond of the 
methylenecyclopropanes (MCP); however, this reaction has yet to be rendered 
enantioselective.42   
 
 
                                                 
(40) (a) Hayashi, T.; Takahashi, M.; Takaya, Y.; Ogasawara, M. J. Am. Chem. Soc. 2002, 124, 5052.  (b) 
Review: Hayashi, T.; Yamasaki, K. Chem. Rev. 2003, 103, 2829. 
(41) For a review on transition-metal-catalyzed reactions of MCPs: Nakamura, I.; Yamamoto, Y. Adv. 
Synth. Catal. 2002, 344, 111.  
(42) Ishiyama, T.; Momota, S.; Miyaura, N. Synlett 1999, 1790.  
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Scheme 1.13.  Pd-Catalyzed Asymmetric Silylboration of MCPs 
H
H
2 mol % Pd(dba)2
4 mol % 1.4
toluene, 50 oC
SiMePh2
B(pin)
MePh2Si B(pin)
H
H
B(pin)
Pd
L
SiMePh2 Pd
B(pin)
L
SiMePh2
a
b
P(mesityl)21.4:
72% yield
90% ee
proximal
distal
 
 
 Suginome has recently reported the platinum-catalyzed silylboration of the 
exocyclic olefin of the MCPs, delivering boron to the more substituted carbon (Scheme 
1.13). 43   The stereochemistry-determining step is the desymmetrizing carbon-carbon 
bond cleavage, where either bond a or bond b ruptures, dictating the configuration of the 
product enantiomer.  The chiral ligand may have an effect on the desymmertization 
reaction and a number of chiral monodentate phosphines and phorphoramidite structures 
were examined.  With the chiral ligand 1.4, the silylboration of 6-
methylenebicyclo[3.1.0]hexane proceeded to deliver the product in 90% ee.   
 The products resulting from the silylboration of MCPs may be further 
functionalized.  Matteson homologation of the boronic ester with (chloromethyl)lithium 
occurs without interference from the silicon functional group, to deliver allyl boronic 
ester 1.5 (Scheme 1.14).  Diastereoselective aldehyde allylation with allyl boronic ester 
1.5 occurs to deliver the homoallylic alcohol in high selectivity.  Stereochemical 
                                                 
(43) For racemic Pd- and Pt-catalyzed silylboration of MCP see: Suginome, M.; Matsuda, T.; Ito, Y. J. Am. 
Chem. Soc. 2000, 122, 11015.  For enantioselective silylboration of MCP see: Ohmura, T.; Taniguchi, H.; 
Kondo, Y.; Suginome, M. J. Am. Chem. Soc. 2007, 129, 3518. 
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induction in the allylation reaction appears to come from a transition structure similar to 
that depicted in Scheme 1.14.  The allylic hydrogen attached to the cycloheptane ring is 
oriented toward the apical boronic ester, while the large silicon group is directed away 
from the cyclic transition state, and the medium-sized CH2 group is directed toward the 
reacting aldehyde.   
 
Scheme 1.14.  Functionalization of Silylboron Products  
SiMePh2
B(pin)
SiMePh2
ClCH2Li
(pin)B
PhCHO
SiMePh2
HO
Ph
91% ee
97:3 d.r
91% ee
O
B O
O Me
MeMe
Me
H
Ph
SiR3
H
1.5
 
 
1.6. Dienes 
 Although many studies have been carried out on the non-enantioselective addition 
of diboron reagents to dienes,44 the asymmetric variant has not been realized.  While one 
might imagine that chirality transfer from chiral diboron reagents could be an effective 
tool in delivering enantiomerically enriched bis(allylic)boronate esters, this strategy does 
not provide high levels of selectivity.45  For instance, the diboration of unactivated 1,3-
dienes with tartrate-derived chiral diboron reagents affords 1,4-bis(boronate)esters in 
                                                 
(44) Ishiyama, T.; Yamamoto, M.; Miyaura, N. Chem. Commun. 1996, 2073.   
(45) Clegg, W.; Johann, T. R. F.; Marder, T. B.; Norman, N. C.; Orpen, A. G.; Peakman, T. M.; Quayle, M. 
J.; Rice, C. R.; Scott, A. J. J. Chem. Soc., Dalton Trans. 1998, 1431. 
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20% diastereomeric excess, at best.  Alternatively, asymmetric catalytic silylboration of 
unactivated dienes can be accomplished in much higher selectivity. 46   Unlike 
silylboration of simple alkenes, silylboration of dienes may be accomplished with nickel 
and platinum catalysis.  However, optimal levels of selectivity have been obtained with 
platinum catalysis.  As the example by Moberg and Gerdin depicts,47 with Pt(acac)2, 
DIBALH, and a chiral BINOL-derived phosphoramidite ligand, the silylboration of 1,3-
cyclohexadiene proceeds in moderate selectivity (Scheme 1.15).   
 
Scheme 1.15.  Silylboration of 1,3-Cyclohexadiene 
Me2PhSi B(pin)
5 mol % Pt(acac)2
10 mol % 1.6
DIBALH
toluene, 110 oC
48 h
B(pin)
Me2PhSi
O
O
P N
Me
84% conversion
69% ee
1.6:
 
1.7. Allenes 
 The addition of diboron reagents to allenes has been documented by Miyaura;48 
however, prior to 2004, the asymmetric diboration of allenes had yet to be reported.  On 
the other hand, asymmetric silylboration of allenes has been well-documented.8a, 49   
Unlike with 1,3-cyclohexadiene, the silylboration of acyclic 1,2-dienes presents 
                                                 
(46) (a) Suginome, M.; Nakamura, H.; Matsuda, T.; Ito, Y. J. Am. Chem. Soc. 1998, 120, 4248.  (b) 
Suginome, M.; Matsuda, T.; Yoshimoto, T.; Ito, Y. Org. Lett. 1999, 1, 1567.  (c) Suginome, M.; Ito, Y. J. 
Organomet. Chem. 2003, 680, 43.   
(47) Gerdin, M.; Moberg, C. Adv. Synth. Catal.  2005, 347, 749. 
(48) Ishiyama, T.; Kitano, T.; Miyaura, N. Tetrahedron Lett. 1998, 39, 2357. 
(49) (a) Suginome, M.; Ohmori, Y.; Ito, Y. Synlett 1999, 1567.  (b) Onozawa, S. -Y.; Hatanaka, Y.; Tanaka, 
M. Chem. Comm. 1999, 1863.  (c) Suginome, M.; Ohmori, Y.; Ito, Y. J. Organomet. Chem. 2000, 611, 403. 
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additional challenges: site control in the addition of the interelement reagent to the allene 
(2,3- vs. 1,2-addition) and regioselectivity (2-boryl-3-silyl vs. 2-silyl-3-boryl).  
Remarkably, Suginome and Murakami found that both of these elements can be 
controlled, as can the facial selectivity in these reactions.  Initial studies in this area 
focused on the silylboration of allenes with chiral silylboron reagents and chiral 
catalysts.50  In these experiments, asymmetric induction from both the catalyst and the 
reagent occurs to allow for facial selectivity in the silylboration of the allene.  Subsequent 
studies by Suginome led to the development of an asymmetric silylboration reaction that 
employs an achiral silaboron reagent and a readily available source of palladium. 51   
Silylboron Ph2MeSi-B(pin) and Pd(dba)2 work in concert with H-MOP derivative 1.4 to 
deliver the silylboration products in high regio- and enantioselectivities (Scheme 1.16).  
The highest levels of asymmetric induction occurred with allenes bearing an α-
quaternary center, silylboration products were obtained in up to 93% ee.   
 
 
 
 
 
 
 
                                                 
(50) (a) Suginome, M.; Ohmura, T.; Miyake, Y.; Mitani, S.; Ito, Y.; Murakami, M. J. Am. Chem. Soc. 2003, 
125, 11174.  (b) Ohmura, T.; Suginome, M. Org. Lett. 2006, 8, 2503.   
(51) (a) Ohmura, T.; Taniguchi, H.; Suginome, M.  J. Am. Chem. Soc. 2006, 128, 13682.  (b) For a 
theoretical investigation of the mechanism for the silylboration of allenes, see: Abe, Y.; Kuramoto, K.; 
Ehara, M.; Nakatsuji, H.; Suginome, M.; Murakami, M.; Ito, Y.  Organometallics 2008, 27, 1736.  
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Scheme 1.16.  Enantioselective Pd-Catalyzed Silylboration of Allenes 
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 Suginome has developed a number of useful transformations that employ allene 
silylboration products.  As depicted in Scheme 1.17, an intramolecular Lewis-acid 
catalyzed Marko-type allylation52 with the internal aldehyde of the silylboration product 
occurs.  This reaction proceeds with a high level of chirality transfer and furnishes a 
carbocyclic vinylboronate intermediate useful for cross-coupling.  A related 
transformation is available to allenes that bear a pendant silyl ether.  The addition of 
benzaldehyde and a Lewis acid produces cyclic ether products.  These reactions also 
proceed with a high level of chirality transfer.  
 
                                                 
(52) (a) Mekhalfia, A.; Markó, I. E. Tetrahedron Lett. 1991, 32, 4779.  (b)  Mekhalfia, A.; Markó, I. E.; 
Adams, H. Tetrahedron Lett. 1991, 32, 4783.   
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Scheme 1.17.  Functionalization of Silylboronate Esters  
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1.8. Conclusion 
 The catalytic addition of dimetalation reagents (diborons, disilanes, and 
silylborons) to unsaturated systems has been known for quite some time.  It was not until 
recently, that reports focused on the development of the catalytic asymmetric addition of 
interelement reagents to π-systems.  The non-enantioselective addition of diboron 
reagents to carbonyls and imines has also been disclosed.53  As transition-metal-catalyzed 
asymmetric dimetalation continues to develop, more processes directed toward increasing 
the substrate scope will emerge, facilitating the rapid construction of molecularly diverse 
compounds.  The catalytic asymmetric addition of dimetalation reagents to substrates not 
described here, like carbonyls and imines, will more than likely be developed.  In the 
following two chapters, the development of the first catalytic asymmetric allene and 
diene diboration processes will be disclosed.  
 
                                                 
(53) Diboration of imines: (a) Mann, G.; John, K. D.; Baker, R. T. Org. Lett. 2000, 2, 2105.  Copper-
catalyzed borylation of carbonyls: (b) Laitar, D. S.; Tsui, E. Y.; Sadighi, J. P. J. Am. Chem. Soc. 2006, 128, 
11036. 
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Chapter 2 
 
Development, Scope, and Mechanism of the Palladium-Catalyzed Enantioselective 
Allene Diboration 
 
2.1.  Introduction  
 Asymmetric catalysis has redefined the field of organic chemistry over the last 40 
years.  In particular, metal-catalyzed transformations have revolutionized traditional 
organic chemistry such that previously inconceivable reactions can now be accomplished 
in a single step.  Streamlining enantioselective small molecule synthesis would expedite 
discovery of biologically active compounds.  Commonly in the field of asymmetric 
catalysis, individual methodologies are developed to address distinct transformations.  In 
our research program, we are working to simultaneously solve many problems in 
asymmetric catalysis by developing catalytic asymmetric dimetalation of unsaturated 
substrates.  These reactive intermediates might be used to target an array of 
unprecedented building blocks (Scheme 2.1).  While previous work by the group has 
studied the asymmetric dimetalation of alkenes, my research has focused on allenes and, 
more recently, dienes (see Chapter 3).   
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Scheme 2.1.  Dimetalation of a Single Substrate Allows for the Synthesis of Several 
Functionally Diverse Compounds  
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 Dimetalation reactions with silylboranes, disilanes, silylgermanes, distannanes, 
silylstannanes, and borylstannanes have been reported.1  However, functionalization of 
the silicon, tin, and germanium bond is limited to protonation and oxidation; only very 
specific substrates will undergo cross-coupling.  Is there an element that would undergo 
dimetalation and allow for further functionalization other than protonation and 
oxidation? Boron is an extremely versatile element and synthetic transformations with 
boron are not limited to protonation and oxidation. 2   Cross-coupling, homologation, 
amination, and carbonylation are just a few reactions in which boron may participate.  
The addition of diboron reagents to alkynes was reported initially by Suzuki and Miyaura, 
                                                 
(1) (a) Suginome, M.; Ito, Y. Chem. Rev. 2000, 100, 3221.  (b)  Obora, Y.; Tsuji, Y.; Kakehi, T.; 
Kobayashi, M.; Shinkai, Y.; Ebihara, M.; Kawamura, T. J. Chem. Soc., Perkin Trans. 1 1995, 599.  (c)  
Onozawa, S. Y.; Hatanaka, Y.; Choi, N.; Tanaka, M. Organometallics 1997, 16, 5389.  
(2) Brown, H. C.; Singaram, B. Pure Appl. Chem. 1987, 59, 879.   
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and subsequently investigated by Marder, Norman, Smith, Baker, and Iverson.3  While 
alkyne diboration does not afford optically enriched products, alkene diboration was 
spawned from these seminal studies.4   In 2003, the Morken group reported the first 
asymmetric diboration of alkenes.5  The rhodium(I)/(S)-QUINAP catalyst promoted the 
addition of B2(cat)2 to unfunctionalized trans-alkenes to afford 1,2-bis(boronate)esters 
2.1 in high enantiomeric excess (Scheme 2.2).   
 
Scheme 2.2.  Rhodium(I)-Catalyzed Enantioselective Alkene Diboration 
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Me 5 mol % (nbd)Rh(acac)
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 The synthetic applications of 1,2-bis(boronate)esters obtained from the 
enantioselective diboration of alkenes have been extensively investigated by the Morken 
group.6  Alkene diboration is limited to trans-alkenes and monosubstituted alkenes with 
an α-quaternary center.  The diboration of alkenes that do not fulfill these requirements 
proceed in low enantioselectivity.  Therefore, the chiral molecular libraries built from 
alkene diboration are restricted to specific substrates.  The extension of asymmetric 
                                                 
(3) (a) Ishiyama, T.; Matsuda, N.; Miyaura, N.; Suzuki, A. J. Am. Chem. Soc. 1993, 115, 11018.  (b) 
Ishiyama, T.; Yamamoto, M.; Miyaura, N. Chem. Commun. 1997, 689.  (c) Iverson, C. N.; Smith, M. R., III, 
Organometallics 1997, 16, 2757.  (d) Baker, R. T.; Nguyen, P.; Marder, T. B.; Westcott, S. A. Angew. 
Chem., Int. Ed. Engl. 1995, 34, 1336.  (e) Dai, C.; Robins, E. G.; Scott, A. J.; Clegg, W.; Yufit, D. S.; 
Howard, J. A. K.; Marder, T. B.; Chem. Commun. 1998, 1983.  (f) Nguyen, P.; Coapes, R. B.; Woodward, 
A. D.; Taylor, N. J.; Burke, J. M.; Howard, J. A. K.; Marder, T. B. J. Organomet. Chem. 2002, 652, 77. 
(4) (a) Ishiyama, T.; Yamamoto, M.; Miyaura, N. Chem. Commun. 1997, 689.  (b) Iverson, C. N.; Smith, M. 
R., III, Organometallics 1997, 16, 2757. 
(5) (a) Morgan, J. B.; Miller, S. P.; Morken, J. P. J. Am. Chem. Soc. 2003, 125, 8702.  (b) Trudeau, S.; 
Morgan, J. B.; Shrestha, M.; Morken, J. P. J. Org. Chem. 2005, 70, 9538. 
(6) (a) Miller, S. P.; Morgan, J. B.; Nepveux, F. J., V; Morken, J. P. Org. Lett. 2006, 6, 131.  (b) Kalendra, 
D. M.; Duenes, R. A.; Morken, J. P. Synlett 2005, 11, 1749.  
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diboration to other substrate classes would expand the synthetic scope of this 
methodology.  In particular, the development of an asymmetric transition-metal-catalyzed 
allene diboration would allow access to 1,2-bis(boronate)esters that bear both an allylic 
and vinylic boronic ester (Scheme 2.3).  The selective functionalization of the carbon-
boron bonds in these 1,2-bis(boronate)esters would facilitate expeditious molecular 
construction to generate molecularly diverse compounds.  
 
Scheme 2.3.  Transition-Metal-Catalyzed Diboration of Allenes 
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2.2.  Background 
 The diboration of prochiral monosubstituted allenes was previously reported by 
Miyaura. 7   The platinum-catalyzed process delivered both regioisomeric 1,2-
bis(boronate)esters 2.2 and 2.3 in high yield (Scheme 2.4).  Two catalysts were 
investigated, Pt(dba)2/PCy3 and Pt(PPh3)4, and the regioselectivity was chiefly similar 
between the two.  Diboration of the internal bond of the allene to form 2.2 was preferred 
for most substrates examined.  Disparities between the two catalysts arose with a few 
substrates; for example, preferential diboration of the internal bond of phenyl allene 
                                                 
(7) Ishiyama, T.; Kitano, T.; Miyaura, N. Tetrahedron Lett. 1998, 39, 2357.  
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occurred with Pt(PPh3)4, while the regioselectivity was reversed when the Pt(dba)2/PCy3 
catalyst system was used.   
 
Scheme 2.4.  Platinum-Catalyzed Diboration of Allenes 
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3 mol % Pt(dba)2
3 mol % PCy3
B B
O
O O
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 The proposed catalytic cycle for the platinum-catalyzed allene diboration begins 
with oxidative addition of the diboron reagent to the metal (Scheme 2.5).  Substrate 
coordination and insertion allows access to a vinyl-platinum or a π-allyl intermediate.  
Reductive elimination from either of these intermediates affords the 1,2-
bis(boronate)ester.   
 
Scheme 2.5.  Mechanism for the Pt-Catalyzed Allene Diboration 
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 In 2001, a palladium-catalyzed diboration of allenes was reported by Cheng and 
co-workers (Scheme 2.6).8  This diboration reaction does not rely on oxidative addition 
                                                 
(8) Yang, F. -Y.; Cheng, C. -H. J. Am. Chem. Soc. 2001, 123, 761. 
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of the diboron reagent to palladium; instead, Pd-catalyzed oxidative addition of a boron-
halide occurred.  The catalytic cycle continued by substrate insertion into the oxidative 
addition adduct, followed by transmetalation with the diboron reagent.  Reductive 
elimination released the product from the catalytic cycle, regenerating the zero-valent 
metal catalyst, which was primed to re-enter the catalytic cycle.   
 
Scheme 2.6.  Pd-Catalyzed Diboration of Allenes Initiated by (pin)B-I 
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 Despite these seminal findings, the development of an asymmetric allene 
diboration had yet to be reported.  Asymmetric induction with platinum-catalysis was 
expected to be quite challenging due to an apparent background reaction with the 
phosphine-free catalyst.4b  While one might consider replacing platinum with palladium 
in the reaction reported by Miyaura (Scheme 2.4), there is only one example of a Pd-
catalyzed diboration that relied on oxidative addition of the diboron reagent to the metal, 
and it proceeded in a very low yield.9  To provide insight into the limited examples of 
palladium-catalyzed diborations that hinge on oxidative addition of diboron reagents, 
                                                 
(9) Ishiyama, T.; Matsuda, N.; Murata, M.; Ozawa, F.; Suzuki, A.; Miyaura, N. Organometallics 1996, 15, 
713.  
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theoretical calculations were conducted by Morokuma on the diboration of an alkyne.10  
DFT calculations were performed on the platinum- and palladium-catalyzed diboration 
cycles.  Morokuma found that the barrier for the oxidative addition of B2(pin)2 to Pd(0) 
was lower in energy (9.2 kcal/mol) when compared to platinum (13.3 kcal/mol); but, the 
Pd-bis(boryl) adduct was less stable than the platinum analog.  Overall, the oxidative 
addition of the diboron to palladium was endothermic, however, the same step was 
exothermic for platinum.  Since the Pd(II)-bis(boryl) intermediate was higher in energy 
than the Pt(II) intermediate, most of the reaction profile for palladium was higher in 
energy.  Based on these findings, we believed a palladium-catalyzed process could 
operate if the electron-density at the metal-center was increased.  While a more electron-
rich metal center might benefit a more favorable oxidative addition, the small barrier for 
reductive elimination might be enhanced.   
 
2.3. Results and Discussion 
 2.3.1. Development.  In preliminary studies, we considered that the addition of 
Lewis basic phosphine ligands to a transition-metal catalyst should increase electron-
density at the metal center, promoting oxidative addition of the diboron reagent to the 
metal and thereby facilitating the transition-metal-catalyzed reaction.11  To test this idea, 
a variety of phosphine ligands were surveyed in the diboration of decyl allene with 
commercially available Pd2(dba)3 (Table 2.1).  The reaction progress was measured by 1H 
                                                 
(10) (a) Cui, Q.; Musaev, D. G.; Morokuma, K. Organometallics 1998, 17, 742.  (b)  Sakaki, S.; Kikuno, T. 
Inorg. Chem. 1997, 36, 226.  
(11) (a) Hills, I. D.; Netherton, M. R.; Fu, G. C. Angew. Chem. Int. Ed. 2003, 42, 5749.  (b)  Amatore, C.; 
Jutand, A.; Meyer, G. Inorg. Chim. Acta 1998, 273, 76.  (c)  Portnoy, M.; Milstein, D. Organometallics 
1993, 12, 1655.  (d)  Segelstein, B. E.; Butler, T. W.; Chenard, B. L.  J. Org. Chem. 1995, 60, 12.  
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NMR at a time point of 20 min.  The Pd-catalyzed diboration with electron-rich 
phosphines delivered the desired 1,2-bis(boronate)ester in complete or nearly complete 
conversion (entries 3-5).  Notably, the 1,2-bis(boronate)ester resulting from the addition 
of the diboron reagent to the internal bond of the allene was the only regioisomer of 
product obtained.  The formation of the desired bis(boronate)ester with 
hexamethylphosphorus triamide and triethylphosphite was particularly encouraging, since 
a large number of chiral phosphorus ligands with similar electronic properties are 
available.   
 
Table 2.1.  Pd-Catalyzed Allene Diboration Ligand Screenb 
C10H21 • B2(pin)2
2.5 mol % Pd2(dba)3
6 mol % ligand
toluene-d8, rt
20 min
C10H21
B(pin)
B(pin)
 
entry ligand % conversiona 
1 none 0 
2 P(t-Bu)3 0 
3 PCy3 100 
4 P(NMe2)3 100 
5 P(OEt)3 80 
6 PPh3 <3 
7 P(OPh)3 <3 
8 dppe 4 
a Determined by 1H NMR Spectroscopy.  b Reaction conditions: 
[allene] = 0.15 M and 1.5 equiv B2(pin)2  
 
 With effective achiral ligands identified, chiral ligands with heteroatoms bound to 
phosphorus were investigated to determine their ability to promote an enantioselective 
palladium-catalyzed allene diboration reaction.  TADDOL-derived phosphoramidite 
(R,R)-2.4, in concert with Pd2(dba)3, delivered the desired 1,2-bis(boronate)ester in high 
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enantioselectivities (Table 2.2). 12   With this ligand, a number of prochiral 
monosubstituted allenes were examined, including aliphatic, aromatic and those 
containing oxygen.  Enantioselectivities remain in the upper eighties to low nineties for 
all substrates investigated under these reaction conditions.   
 
Table 2.2.  Asymmetric Palladium-Catalyzed Allene Diboration 
R •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.4
B2(pin)2
toluene, rt
14 h
R
B(pin)
B(pin)
O
P
OO
O
Me
Me
PhPh
Ph Ph
N
Me
Me
(R,R)-2.4  
entry R % yielda % eeb 
1 decyl 61 91 
2 cyclohexyl 62 89 
3 PhCH2CH2 73 90 
4 Bn 65 90 
5 CH3 68 92 
6 Ph 75 87 
7 tBu 42 89 
8 BnOCH2CH2 57 91 
a Isolated yield of diboron adduct after silica gel chromatography. Average of two 
experiments with a difference in yield of <10% in each case.  b Enantiomeric excess 
determined by chiral GLC or SFC analysis of diol obtained from diimide reduction 
of the vinyl boronate followed by oxidation (NaOH, H2O2) of the resulting saturated 
2,3-bis(boronate)ester.  The absolute configuration of each product was determined 
by comparing the derived 2,3-diol to authentic enantiomers.  
 
 Initially, enantioselectivities of the 1,2-bis(boronate)esters were determined 
through heterogeneous transition-metal-catalyzed hydrogenation of the vinyl boronate 
with palladium on carbon followed by alkaline peroxide oxidation of the resulting 1,2-
bis(boronate)ester (Scheme 2.7).  GLC analysis of the resulting syn- and anti-
                                                 
(12) Pelz, N. F.; Woodward, A. R.; Burks, H. E.; Sieber, J. D.; Morken, J. P. J. Am. Chem. Soc. 2004, 126, 
16328 
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diastereomeric alcohols (or the derived acetonides) revealed different enantiopurities for 
each diastereomer (Scheme 2.7, eq. 1 and 2).  The large discrepancy in the enantiopurities 
between the syn- and anti-diastereomers for the cyclohexyl-2,3-diol, led us to question 
the accuracy of the analysis procedure.  Alkene isomerization is more prevalent with 
palladium than with any other heterogeneous transition-metal catalyst.13  If Pd-catalyzed 
isomerization of the alkene occurred to form an achiral intermediate, it would then be 
hydrogenated, and lead to an erosion of enantiopurity (eq. 3).   
 
Scheme 2.7.  Hydrogenation of 1,2-Bis(boronate)esters from Allene Diboration 
Me
Me
OH
OH
71% ee
Cy
B(pin)
B(pin)
1. 10% Pd/C, H2 (1 atm), EtOH
2. H2O2, NaOH
3. pTsOH•H2O (cat.), (MeO)2CMe2
syn = 63% ee
anti = 51% ee
Cy
Me
O
O
Me
Me
1. 10% Pd/C, H2 (1 atm), EtOH
2. H2O2, NaOH
Me
B(pin)
B(pin)
(eq. 1)
(eq. 2)
(eq. 3)
R
B(pin)
B(pin)
10% Pd/C
H2 (1 atm)
EtOH
R
B(pin)
Me
B(pin)
R
B(pin)
Me
B(pin)
racemicachiral
10% Pd/C
H2 (1 atm)
EtOH
 
 
 Hydrogenation with platinum on carbon afforded a diastereomeric mixture of 
acetonides with the same, albeit higher, levels of enantioselectivity after oxidation and 
acetonide protection (Scheme 2.8).  In order to avoid the potential for any erosion of 
enantiopurity of the diboration products, reduction of the vinyl boronate under diimide 
                                                 
(13) Paul N. Rylander. Hydrogenation of Olefins. Hydrogenation Methods; Best Synthetic Methods; 
Academic Press, Inc: Orlando, Florida, 1985; 29-52. 
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conditions with 2-nitrobenzenesulfonylhydrazine (NBSH) was employed.12  Reduction of 
the cyclohexyl-derived 1,2-bis(boronate)ester with NBSH revealed that the allene 
diboration proceeded in 89% ee (Table 2.2, entry 2).  Therefore, a small erosion of 
enantiopurity of the diboration products did occur with platinum on carbon. 
  
Scheme 2.8.  Pt-Catalyzed Hydrogenation of the Cyclohexyl Allene Diboration Product 
Cy
B(pin)
B(pin)
1. 5% Pt/C, H2 (1 atm), EtOAc
2. H2O2, NaOH
3. pTsOH•H2O (cat.), (MeO)2CMe2
syn = 87% ee
anti = 87% ee
Cy
Me
O
O
Me
Me
 
 2.3.2. Catalyst Optimization.  The α-chiral 1,2-bis(boronate)ester arising from the 
Pd-catalyzed allene diboration, was utilized in an aldehyde allylation reaction (Scheme 
2.9).  The allylation intermediate was treated with alkaline peroxide, and the β-
hydroketone was obtained in 56% yield and 82% ee.12,14  The high level of chirality 
transfer that occurred in the allylation sequence may be explained by two transition states, 
as depicted in Scheme 2.9.  Axial orientation of the phenyl group on the 1,2-
bis(boronate)ester in a closed transition state (2.5) prevents a developing A(1,2)-
interaction that is present when the phenyl substituent is oriented in the equatorial 
position (see 2.6).  Therefore, transition state 2.5 is preferred in the allylation reaction, 
delivering the product with a high level of chirality transfer.   
 
 
                                                 
(14)  The substrate scope for the aldehyde allylation of the allene diboration reaction products has been 
expanded, see: Woodward, A. R.; Burks, H. E.; Chan, L. M.; Morken, J. P. Org. Lett. 2005, 7, 5505. 
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Scheme 2.9.  Aldehyde Allylation of the Allene Diboration Reaction Product 
HPh
Ph •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.4
B2(pin)2
Ph
B(pin)
B(pin)
87% ee
PhCHO, rt
then H2O2, NaOH
Ph
Ph
O OH
56% yield
82% ee
B
O O
B
O
O O
O
Me
Me
Me
Me
Me
MeMe
MeH
Ph
(pin)BB(pin)H
Ph
PhH
vs.
A(1,2)
2.2 2.3  
 To render the 1,2-bis(boronate)esters obtained from allene diboration 
synthetically useful in transformations where chiralty transfer is not complete, the 1,2-
bis(boronate)ester needs to be obtained in a very high enantiopurity.  Therefore, structural 
optimization of the tunable TADDOL-derived phosphoramidite ligand scaffold was 
undertaken.   
 Palladium-catalyzed diboration of phenyl allene with the cyclohexane-derived 
ketal ligand (R,R)-2.7 delivered the 1,2-bis(boronate)ester in diminished 
enantioselectivity (73% ee) when compared to the parent ligand (R,R)-2.4 (Scheme 2.10, 
eq. 1).  Diboration of decyl allene with the menthol-derived TADDOL phosphoramidite15 
(S,S)-2.8, inspired by Johnson et al., furnished the 1,2-bis(boronate)ester in high yield 
and comparable enantioselectivity (93% ee) to the parent phosphoramidite (R,R)-2.4 
(Scheme 2.10, eq. 2).  The impact of the cyclohexane-derived ketal modification of the 
TADDOL ligand structure on the enantioselectivity of the diboration is minimal.  The 
ketal moiety of this ligand scaffold is far removed from phosphorus; therefore, the impact 
                                                 
(15) We are grateful for the donation of (S,S)-2.8, prepared by the Johnson lab.  For the preparation of the 
menthol-derived TADDOL please see: Nahm, M. R.; Potnick, J. R.; White, P. S.; Johnson, J. S. J. Am. 
Chem. Soc. 2006, 128, 2751.  
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of this group on the enantioselectivity may be puzzling.  However, the orientation of the 
ketal group affects the spatial arrangement of the aryl groups on the TADDOL backbone, 
thereby influencing the chiral environment around phosphorus.  Crystal structures of 
various TADDOL derivatives illustrate the conformational influence of each element of 
the scaffold.16,17  In the crystal structure of (R,R)-TADDOLPNMe2, the ketal substituent 
is oriented directly toward the π-system of one of the aromatic rings, increasing the steric 
encumbrance of the ketal moiety causes rotation of the aromatic rings in order to avoid 
penalizing steric interactions, subsequently altering the chiral pocket.   
 
Scheme 2.10.  Allene Diboration with Cyclohexane-Derived TADDOL Derivatives 
Ph •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.7
B2(pin)2, toluene
rt, 14 h
Ph
B(pin)
B(pin)
O
P
OO
O
PhPh
Ph Ph
N
Me
Me
(R,R)-2.7
63% yield, 73% ee
C10H21 •
2.5 mol % Pd2(dba)3
6 mol % (S,S)-2.8
B2(pin)2, toluene
rt, 14 h
C10H21
B(pin)
B(pin)
81% yield, 93% ee
O
P
OO
O
PhPh
Ph Ph
N
Me
Me
Me
Me Me
(S,S)-2.8
(eq. 1)
(eq. 2)
(R,R)-2.4: 75% yield, 87% ee
(R,R)-2.4: 61% yield, 91% ee
 
 The amine moiety of the TADDOL-derived phosphoramidite ligand should have 
the greatest impact on enantioselectivity since it is adjacent to phosphorus, and therefore 
closer to palladium.  Diboration of phenyl allene with the methylamine-derived 
                                                 
(16) (a) Bayer, A.; Thewalt, U.; Rieger, B. Eur. J. Inorg. Chem. 2002, 199.  (b)  Bayer, A.; Murszat, P.; 
Thewalt, U.; Rieger, B. Eur. J. Inorg. Chem. 2002, 2614. 
(17) For a crystal structure of (R,R)-2.4 see: Keller, E.; Maurer, J.; Naasz, R.; Schader, T.; Meetsma, A.; 
Feringa, B. L.  Tetrahedron: Asymmetry 1998, 9, 2409.  For crystal structures of TADDOL-derivatives, 
see: (a) Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker, D. Helv. Chim. Acta 1992, 75, 
2171.  (b) Seebach, D.; Beck, A. K.; Heckel, A. Angew. Chem. Int. Ed. 2001, 40, 92.  
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phosphoramidite (R,R)-2.9 delivered the 1,2-bis(boronate)ester in 73% ee (Scheme 2.11).  
Given that a diminished enantiomeric excess was obtained with a primary amine, it was 
predicted that increasing the steric encumbrance of the amine moiety should increase the 
enantiopurity of the product.   
 
Scheme 2.11.  Allene Diboration with Methylamine-Derived TADDOL Ligand 
Ph •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.9
B2(pin)2, toluene
rt, 14 h
Ph
B(pin)
B(pin)
O
P
OO
O
PhPh
Ph Ph
N
Me
H
(R,R)-2.9
65% yield, 73% ee
Me
Me
(R,R)-2.4: 75% yield, 87% ee
 
 Four phosphoramidites with secondary amines were prepared and employed in 
diboration reactions with various allenes to survey the impact of a sterically encumbered 
amine on the enantioselectivity (Table 2.3).18  All modifications of the amine moiety 
diminished the enantiopurity of the products.  When the size of the amine was 
dramatically increased from dimethylamine to bis(α-methyl-benzylamine) (ligand (R,R)-
2.13) diboration was inhibited.  Thus, increasing or decreasing the steric encumbrance of 
the amine resulted in suboptimal enantioselectivities and the optimal structure appeared 
to be the dimethylamine derivative.  
 
 
 
 
                                                 
(18) Burks, H. E.; Liu, S.; Morken, J. P. J. Am. Chem. Soc. 2007, 129, 8766. 
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Table 2.3.  Allene Diboration with Different Amine Moieties on the TADDOL-Derived 
Phosphoramidite Scaffold 
R1 •
2.5 mol % Pd2(dba)3
6 mol % ligand
B2(pin)2 (1.2 equiv)
toluene (0.15 M), rt
24 h
R1
B(pin)
B(pin)
O
P
OO
O
Me
Me
PhPh
Ph Ph
N
R2
R2
 
ligand R2 
R1 = decyl 
% yielda (% ee) 
R1 = Cy 
% yielda (% ee) 
R1 = Ph 
% yielda (% ee) 
(R,R)-2.4 Me 61 (91)b 62 (89)b 75 (87)b 
(R,R)-2.10 Et 42 (48)b 18 (52) 38 (30) 
(R,R)-2.11 (CH2)4 80 (86) 80 (85) 53 (72) 
(R,R)-2.12 (CH2)5 58 (47) 29 (46) 50 (30) 
(R,R)-2.13 Ph N Ph
Me Me
 
0 0 0 
a Isolated yield determined after silica gel chromatography. Enantiomeric excess determined 
for the diastereomeric diols prepared by sequential diimide reduction and oxidation of the 
diboration product.  b Reaction time of 12 h.  
 
 We also exchanged the amine moiety for other heteroatom functionalities and 
examined their impact on the enantioselectivity of the diboration.  Since triethylphosphite 
was shown to be very effective in promoting the diboration of decyl allene (Table 2.1), a 
chiral version of this ligand, (R,R)-2.14, was examined.  This structure was quite 
effective in promoting the diboration of phenyl allene, as the desired product was 
obtained in 73% yield (Scheme 2.12).  However, the 1,2-bis(boronate)ester was obtained 
in a disappointing 53% ee.  Based on these results, the optimal substituent attached to 
phosphorus, which delivered the highest enantioselectivities thus far, was dimethylamine.  
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Scheme 2.12.  Diboration of Phenyl Allene with TADDOL-Derived Phosphite 
Ph •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.14
B2(pin)2, toluene
rt, 14 h
Ph
B(pin)
B(pin)
O
P
OO
O
PhPh
Ph Ph
OMe
(R,R)-2.14
73% yield, 53% ee
Me
Me
(R,R)-2.4: 75% yield, 87% ee
 
 In a further attempt to increase the level of stereoinduction for the allene 
diboration reaction, the modification of the aryl groups on the TADDOL-derived 
phosphoramidite backbone was investigated.  Utilizing the 2-naphthyl-derived 
phosphoramidite, (R,R)-2.15, completely inhibited the diboration of phenyl allene 
(Scheme 2.13, eq. 1).  Phosphoramidite (R,R)-2.16, which did not contain aryl groups on 
the backbone, promoted the diboration phenyl allene, but the 1,2-bis(boronate)ester was 
nearly racemic (eq. 2).  Thus it appears that aryl groups on the backbone are required for 
high asymmetric induction; however, when the aryl groups are too sterically encumbered 
catalysis is inhibited.  
 
Scheme 2.13.  Allene Diboration with TADDOL-Derived Phosphoramidities with 
Modified TADDOL Backbones 
Ph •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.15
B2(pin)2, toluene
rt, 14 h
Ph
B(pin)
B(pin)
O
P
OO
O
ArAr
Ar Ar
N
Me
Me
Ar = 2-naphthyl
(R,R)-2.15
0% yield
(eq. 1)Me
Me
Ph •
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.16
B2(pin)2, toluene
rt, 14 h
Ph
B(pin)
B(pin)
64% yield, 10% ee
(eq. 2)
O
P
OO
O
MeMe
Me Me
N
Me
Me
(R,R)-2.16
Me
Me
(R,R)-2.4: 75% yield, 87% ee
(R,R)-2.4: 75% yield, 87% ee
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 Pregosin and Albinati have demonstrated that 3,5-dialkyl-substitution of aromatic 
groups attached to the phosphorus of phosphine based ligands intensified the rigidity of 
the chiral pocket and increased enantioselectivities in Pd-catalyzed transformations.19  In 
an analogous manner, TADDOL derivatives with meta substituted aryl groups were 
synthesized and surveyed in the diboration of various allenes (Table 2.4).  The meta-xylyl 
substituted phosphoramidite (R,R)-2.17 increased enantioselectivities for all substrates.  
The sterically encumbered 3,5-di-tert-butyl substituted phosphoramidite ligand (R,R)-
2.18 promoted a slower reaction in addition to delivering diminished enantioselectivities 
when compared to (R,R)-2.17.  An electron-deficient TADDOL-phosphoramidite with 
3,5-trifluoromethyl substituted aryl groups (ligand (R,R)-2.19), sterically less 
encumbered than (R,R)-2.18, curtailed product formation and enantioselectivity.  Based 
on these results, a TADDOL derivative with electron-donating 3,5-dimethoxy aryl groups 
on the backbone should increase the product formation and deliver enantioselectivities 
comparable to (R,R)-2.17.  Unfortunately, diboration with ligand (R,R)-2.20 afforded the 
1,2-bis(boronate)ester of decyl allene in a modest 35% yield and 60% ee.  After tuning all 
of the elements of the TADDOL-phosphoramidite ligand scaffold, we concluded that the 
optimal ligand for the asymmetric palladium-catalyzed allene diboration was (R,R)-2.17. 
 
                                                 
(19) (a) Trabesinger, G.; Albinati, A.; Feiken, N.; Kunz, R. W.; Pregosin, P. S.; Tschoerner, M. J. Am. 
Chem. Soc. 1997, 119, 6315.  (b) Tschoerner, M.; Pregosin, P. S.; Albinati, A. Organometallics 1999, 18, 
670.  (c) Selvakumar, K.; Valentini, M.; Pregosin, P. S.; Albinati, A.; Eisentrager, F. Organometallics 2000, 
19, 1299.  (d)  Dotta, P.; Magistrato, A.; Rothlisberger, U.; Pregosin, P. S.; Albinati, A. Organometallics 
2002, 21, 3033.  (e) Dotta, P.; Kumar, P. G. A.; Pregosin, P. S.; Albinati, A.; Rizzato, S. Organometallics 
2004, 23, 2295.  
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Table 2.4.  Allene Diboration with meta-Substituted Aryl Groups on the TADDOL 
Backbone 
R1 •
2.5 mol % Pd2(dba)3
6 mol % ligand
B2(pin)2 (1.2 equiv)
toluene (0.15 M), rt
24 h
R1
B(pin)
B(pin)
O
P
OO
O
Me
Me
N
Me
Me
R2
R2
R2
R2
R2
R2R2
R2
 
ligand R2 
R1 = decyl 
% yielda (% ee) 
R1 = Cy 
% yielda (% ee) 
R1 = Ph 
% yielda (% ee) 
(R,R)-2.17 Me 72 (98)b 92 (93) 72 (97) 
(R,R)-2.18 tBu 34 (63)b 39 (66) 26 (51) 
(R,R)-2.19 CF3 24 (38)b 61 (39) 38 (36) 
(R,R)-2.20 OMe 35 (60) - - 
a Isolated yield determined after silica gel chromatography. Enantiomeric excess determined 
for the diastereomeric diols prepared by sequential diimide reduction and oxidation of the 
diboration product.  b Reaction time of 12 h.  
 
 2.3.3 Substrate Scope.  With the optimal ligand for the palladium-catalyzed 
asymmetric diboration of prochiral allenes in hand, the substrate scope was further 
examined (Table 2.5). 20   For the most part, aliphatic and oxygen containing allenes 
afforded 1,2-bis(boronate)esters in 97-98% ee (entries 1-6).  As can be seen in Table 2.5, 
aromatic allenes also worked quite well for this transformation (entries 7-11).   
 In the Pt-catalyzed allene diboration developed by Miyaura, the diboration of 
electron-rich allenes delivered 1,2-bis(boronate)esters 2.3, where diboration of the 
terminal bond of the allene was the predominant product.9  Accordingly, we considered 
that the manipulation of the electronics of phenyl allene derivates would allow for 
                                                 
(20) Burks, H. E., Liu, S.; Morken, J. P. J. Am. Chem. Soc. 2007, 129, 8766. 
41 
regioisomeric product formation.  Electron-rich and –deficient substrates were prepared 
and subjected to the diboration reaction conditions; all substrates afforded the desired 
product in high enantioselectivities (Table 2.5, entries 8-11).  Diboration products which 
resulted from the diboration of the terminal bond of the allene were not observed for any 
substrate examined.  Diboration of para-nitro substituted phenyl allene failed to deliver 
any products from diboration; starting material was recovered after 24 h.  Despite the 
short comings with the para-nitro substituted pheny allene, a broad substrate scope exists 
for the Pd-catalyzed allene diboration.   
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Table 2.5.  Substrate Scope for the Pd-Catalyzed Allene Diboration 
R •
2.5 mol % Pd2(dba)3
6 mol % ligand
B2(pin)2 (1.2 equiv)
toluene (0.15 M), rt
14 h
R
B(pin)
B(pin)
 
ligand: (R,R)-2.4 ligand: (R,R)-2.17 entry substrate % yielda % eeb % yielda % eeb 
1 C10H21 •  61 91 72 98 
2 H3C •  68 92 77 95 
3 •
 
62 89 92 93 
4 •Ph  73 90 76 97 
5 •BnO  57 91 85 97 
6 •TBSO    68 97 
7 •
 
75 87 71 97 
8 
•
Me  
  71 95 
9 
•
MeO  
  68 94 
10c 
•
F3C  
  52 94 
11c 
•
CF3  
  52 90 
a Isolated yield of purified product.  b Enantiomeric excess determined for 
diastreomeric diols prepared by sequential diimide reduction and oxidation of the 
reaction product.  c 0.3 M [substrate], 3 equiv of B2(pin)2, 24 h. 
 
 The synthetic utility of Pd-catalyzed allene diboration was further extended by 
performing a large scale (1 gram) diboration of decyl allene at a catalyst loading of 1 
mol % Pd2(dba)3 and 2.5 mol % (R,R)-2.17 (Scheme 2.14).  The desired 1,2-
bis(boronate)ester was obtained in 74% yield and 92% ee.18   
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Scheme 2.14.  Large-Scale Allene Diboration 
C10H21 • B2(pin)2
1 mol % Pd2(dba)3
2.4 mol % (R,R)-2.17
toluene (0.15 M), rt
14 h
C10H21
B(pin)
B(pin)
1 gram
(5.56 mmol)
1.2 equiv 74% yield, 92% ee
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.17 : 72% yield, 98% ee 
 One might ask whether the reaction may be set up on the bench top and not in an 
inert atmosphere glove box.  In this case, oxidation of Pd(0) will occur if precautions are 
not taken to exclude oxygen from reaction mixtures. 21   However, the addition of 
phosphine ligands to Pd(II) sources will generate Pd(0) in situ and Pd(II) salts are often 
stable in air.  Palladium(II) acetate, in conjunction with ligand (R,R)-2.17, catalyzed the 
diboration of decyl allene to deliver the desired 1,2-bis(boronate)ester in 48% yield and 
85% ee (Scheme 2.15).  The yield and enantioselectivity are not as high as with Pd2(dba)3 
and ligand (R,R)-2.17; however, the further optimization of reaction conditions could 
lead to an increase in the yield and enantioselectivity for this transformation.  
 
Scheme 2.15.  Pd(II)-Catalyzed Allene Diboration 
C10H21 • B2(pin)2
6 mol % Pd(OAc)2
12 mol % (R,R)-2.17
toluene (0.15 M), rt
14 h
C10H21
B(pin)
B(pin)
48% yield
85% ee  
 
 2.3.4. Mechanism.  2.3.4.1. Mechanism: Ligand Analysis.  Our initial hypothesis 
when developing the Pd-catalyzed diboration was that the addition of electron-rich 
phosphine ligands would increase electron-density at palladium, promoting the oxidative 
                                                 
(21) Yoshida, T.; Otsuka, S. Inorg. Syn. 1990, 28, 113.  
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addition of the diboron reagent and stabilizing Pd(II) intermediates during the catalytic 
cycle.  The electron-donating ability of phosphines, phosphites, and phosphorus triamides 
to metals has been reported; 22  but, a measure of the electron-donating ability of a 
TADDOL-derived phosphoramidite had yet to be reported.  Generally, the electron-
donating ability of a phosphine may be measured by the CO stretching frequency of the 
derived trans-L2Rh(CO)Cl complexes. 23   Therefore, rhodium-complexes containing 
TADDOL-derived phosphoramidite ligands (R,R)-2.4 and (R,R)-2.17 were prepared 
from dichlorotetracarbonyldirhodium, [Rh(CO)2Cl]2 (Scheme 2.16).24   
 
Scheme 2.16.  Preparation of trans-L2Rh(CO)Cl Complexes with (R,R)-2.4 and (R,R)-
2.17 
[Rh(CO)2Cl]2
O
P
OO
O
PhPh
Ph Ph
N
Me
Me
(R,R)-2.4
Me
Me
O
P
OO
O
m-xylylm-xylyl
m-xylyl m-xylyl
N
Me
Me
(R,R)-2.17
Me
Me[Rh(CO)2Cl]2
C6H6
C6H6
trans-[(R,R)-2.4]2Rh(CO)Cl
trans-[(R,R)-2.17]2Rh(CO)Cl
93% yield
50% yield
(eq. 1)
(eq. 2)
νCO = 1984 cm-1 (CH2Cl2)
νCO = 1984 cm-1 (CH2Cl2)
 
 The CO stretching frequencies of the resulting rhodium-complexes were 
measured and found to be higher than for the triphenylphosphine derivative, suggesting 
that the phosphoramidite ligands are weaker donors than triphenylphosphine (Table 
                                                 
(22) Clarke, M. L.; Cole-Hamilton, D. J.; Slawin, A. M. Z.; Woollins, J. D. Chem. Commun. 2000, 2065.  
(23) (a) Otto, S.; Roodt, A. Inorg. Chim. Acta 2004, 357, 1.  (b)  Vastag, S.; Heil, B.; Markó, L. J. Mol. 
Catal. 1979, 5, 189.  
(24) McCleverty, J. A.; Wilkinson, G. Inorg. Syn. 1966, 8, 214.   
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2.6).18  However, the TADDOL-derived phosphoramidite ligands were more reactive 
than triphenylphosphine in promoting the diboration reaction.  Based on the CO 
stretching frequency of the trans-L2RhCO(Cl) complex, triethylphosphite provided a 
higher reactivity than expected in the diboration.  In the allene diboration reaction, a 
rough correlation exists between reactivity and the CO stretching frequency of the Rh 
complex.  However, a better correlation appears to exist between ligand reactivity and the 
pKa of the derived R3PH+ ion.25  The pKa measurement of the protonated phosphine is 
not sensitive to backbonding and correlates with the rate of oxidation of LPd(0) 
complexes to phenyl iodide.26  The pKa of phosphoramidites are unknown; however, 
experiments from Pregosin et al.27 suggest that the binol-derived phosphoramidite may 
be only a slightly weaker donor than PCy3 to a Pd(II) allyl complex.  Collectively, these 
data suggest that the donation of electrons to Pd(II) complexes that are not inclined to 
back donate, is the important feature.   
                                                
 
 
 
 
 
 
 
(25) Rahman, M. M.; Liu, H. –Y.; Eriks, K.; Prock, A.; Fiering, W. P. Organometallics 1989, 8, 1.   
(26) Amatore, C.; Carré, E.; Jutland, A.; M’Barki, M. A. Organometallics 1995, 14, 1818.   
(27) Filipuzzi, S.; Pregosin, P. S.; Albinati, A.; Rizzato, S. Organometallics 2006, 25, 5955.  
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Table 2.6.  Comparison of the Lewis Basicity of Phosphorus Ligands to CO Stretching 
Frequencies from trans-L2Rh(CO)Cl Complexes 
C10H21 • B2(pin)2
2.5 mol % Pd2(dba)3
6 mol % ligand
toluene-d8, rt
20 min
C10H21
B(pin)
B(pin)
 
entry ligand % conv.a νCO (cm-1)b        pKac 
1 none 0   
2 P(t-Bu)3 0  11.4 
3 PCy3 100 1943 9.7 
4 P(NMe2)3 100 1964  
5 P(OEt)3 80 1996 3.31 
6 PPh3 <3 1979 2.73 
7 (R,R)-2.4 28 1984  
8 (R,R)-2.17 19 1984  
9 P(OPh)3 <3 2016 -2.00 
10 dppe 4   
a Determined by 1H NMR spectroscopy.  b Values are in CH2Cl2. See ref. 23 for 
νCO for entries 3-6, 8 and 9.  See Experimentals for the determination of νCO in 
entries 7 and 8.  Please note that entries 3 and 6 were repeated as a check for 
technique.  c Values are in nitromethane.  Data from ref. 25.  
 
 The asymmetric Pd-catalyzed allene diboration reaction is an example of ligand 
accelerated catalysis. 28   Enantioselective reactions that are governed by ligand 
accelerated catalysis may still operate with a high level of asymmetric induction, even 
when the metal-to-ligand ratio is less than one.  In accord with this paradigm, high 
selectivities of the 1,2-bis(boronate)ester were obtained even as the ligand loading 
decreased (Table 2.7).  Nonetheless, for optimal levels of stereoinduction, a slight excess 
of ligand relative to Pd is required.  
 
 
 
                                                 
(28) For a review on ligand-accelerated catalysis: Berrisford, D. J.; Bolm, C.; Sharpless, K. B. Angew. 
Chem., Int. Ed. Engl. 1995, 34, 1059.  
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Table 2.7.  Ligand Accelerated Catalysis of the Allene Diboration Reaction  
C10H21 •
2.5 mol % Pd2(dba)3
x mol % (R,R)-2.17
B2(pin)2
toluene, rt, 14 h
C10H21
B(pin)
B(pin)
 
entry (R,R)-2.17/Pd % yield % ee 
1 1.2:1 72 98 
2 1.08:1 78 96 
3 0.5:1 71 90 
4 0.1:1 54 53 
5 0 10% conv. 0 
 
 2.3.4.2. Mechanism: Crossover Experiment.  There are two distinct mechanisms 
that may describe the diboration catalytic cycle.  As previously mentioned, the first 
mechanism is that put forth by Cheng and co-workers and involves the oxidative addition 
of (pin)B-X to palladium (Scheme 2.17, path A).8  The second mechanism involves 
oxidative addition of the diboron reagent to palladium (Scheme 2.17, path B).  Both 
catalytic pathways continue to form the desired product.   
 
Scheme 2.17.  Two Possible Pathways for the Initiation of Allene Diboration 
Pd(0)
Pd(0)
R •
Pd
B(pin)
X
Pd
B(pin)
B(pin)
R •
R
B(pin)
Pd B(pin)
R
B(pin)
B(pin)
R
B(pin)
Pd
X
R
B(pin)
Pd
B(pin)
B B
R
B(pin)
B(pin)
Pd(0)
Pd(0)
Path A
Path B
B2(pin)2
(pin)B-X
 
 Evidence for the oxidative addition of the diboron reagents to Pd has not been 
provided in the literature, and according to Morokuma, the oxidative addition of diboron 
reagents provides unstable Pd(II) intermediates.10a  However, the Cheng mechanism (path 
A) usually gives the terminal addition product.  A crossover experiment was designed in 
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order to learn whether oxidative addition of the diboron reagent to Pd(0) was occurring.  
Deuterated bis(pinacolato)diboron,18  B2(pin-d12)2, was synthesized18,29 and used in the 
reaction mixture along with an equal molar amount of the unlabeled B2(pin)2 (Scheme 
2.18).  Analysis of the unpurified reaction mixture by mass spectrometry revealed only 
the presence of 2.21 and 2.21-d24.  Since the mechanism depicted in path A of Scheme 
2.17 relies on transmetalation of the diboron reagent to afford the desired product, then 
1,2-bis(boronate)esters 2.21-d12, which contain mixed pinacol groups on boron, should 
have been observed.  Therefore, path B seems more likely.   
 
Scheme 2.18.  Crossover Experiment for Allene Diboration  
C10H21 •
2.5 mol % Pd2(dba)3 
6 mol % (R,R)-2.17
toluene (0.15 M), rt
15 h
C10H21
B(pin)
B(pin-d12)
O
B
O
B
O
OH3C
H3C CH3
CH3
H3C
H3C
CH3
CH3
O
B
O
B
O
OD3C
D3C CD3
CD3
D3C
D3C
CD3
CD3
(0.5 equiv)
(0.5 equiv)
C10H21
B(pin-d12)
B(pin-d12)
C10H21
B(pin)
B(pin)
C10H21
B(pin-d12)
B(pin)
not observed by MS-ESI
2.21
2.21-d12 2.21-d12
2.21-d24
 
 
 2.3.4.3. Mechanism: Diastereodifferentiation Experiment.  Support for the 
formation of the Pd(II)-bis(boryl) intermediate resulting from the oxidative addition of 
B2(pin)2 to Pd was garnered from the crossover experiment.  However, the mechanism 
for substrate insertion into the Pd(II)-intermediate could not be elucidated from this 
                                                 
(29) A modified procedure for the preparation of pinacol-d12 was taken from: Boller, T. M.; Murphy, J. M.; 
Hapke, M.; Ishiyama, T.; Miyaura, N.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 14263.  For the 
preparation of B2(pin-d12)2 see: Ishiyama, T.; Murata, M.; Ahiko, T. -A.; Miyaura, N. Org. Synth. 2000, 77, 
176. 
49 
experiment.  Three pathways are conceivable for substrate insertion into the Pd(II) 
intermediate (Scheme 2.19).  The first two pathways involve reaction by insertion of the 
internal bond of the allene, forming an η1-allyl intermediate (path B) or a vinyl-Pd 
intermediate (path C).  The final pathway differs by insertion of the terminal bond of the 
allene, affording a regioisomeric η1-allyl intermediate.  This path requires π-allyl 
isomerization and reductive elimination to yield the desired product (Scheme 2.19, path 
D).   
 
Scheme 2.19.  Potential Mechanisms for Allene Insertion 
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- L-Pd(0)
 
 
 A chiral labeled allene, in conjunction with a chiral catalyst to control the facial 
selectivity of insertion, would deliver diastereomerically different 1,2-bis(boronate)esters 
from the reaction paths above (Scheme 2.20).  If stereoselective olefin insertion occurred 
with the internal bond of the allene, reductive elimination from the Pd(II) intermediates 
would afford a 1,2-bis(boronate)ester ((R)-Z-2.22-d1) where deuterium is trans to boron 
(paths B and C).  On the contrary, if substrate insertion occurred with the terminal bond 
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of the allene, the catalyst will control the facial selectivity of insertion, requiring that 
addition occur to the top-face of the allene (path D).  This would afford a 
diastereomerically different Pd(II) intermediate; ensuing reductive elimination would 
provide (R)-E-2.22-d1.   
 
Scheme 2.20.  Diastereodifferentiation Experiment to Determine the Mechanism of 
Allene Insertion 
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 The synthesis of chiral labeled allene (R)-2.23-d1 began with trimethylsilyl-
protected propargyl ketone 2.24, which was prepared in two steps from commercially 
available undecanal (Scheme 2.21).18,30  Noyori transfer hydrogenation of the propargyl 
ketone afforded the desired alcohol in 98% ee. 31   Deprotection of the alkyne with 
potassium carbonate in methanol-d1 afforded the labeled alkyne in 93% yield.  It was not 
                                                 
(30) Matsumara, K.; Hashiguchi, S.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1997, 119, 8738. 
(31) Catalyst Preparation: Haack, K. -J.; Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, R. Angew. Chem., 
Int. Ed. Eng. 1997, 36, 285.  Transfer Hydrogenation: Matsumara, K.; Hashiguchi, S.; Ikariya, T.; Noyori, 
R. J. Am. Chem. Soc. 1997, 119, 8738. 
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possible to completely deuterate this substrate, and a slight amount of protonated product 
was carried through the synthesis.  The chiral labeled allene (R)-2.23-d1 was then formed 
under Mitsunobu reaction conditions,32 in a procedure developed by Myers, in good yield 
and high enantiomeric excess.33   
 
Scheme 2.21.  Synthesis of Chiral Deuterated Allene (R)-2.23-d1 
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 The stereodifferentiating diboration of chiral labeled allene (R)-2.23-d1 was 
conducted with the chiral catalyst prepared from ligand (R,R)-2.17; the reaction was 
monitored by 1H NMR (Figure 2.1).18  The chemical shift assignments of the product 
were made by NOESY analysis of the unlabeled reference 1,2-bis(boronate)ester.  After 
60 min, the major reaction product exhibited a singlet at 5.8 ppm corresponding to the 
hydrogen trans to the vinyl boron.  A minor compound consistent with the other alkene 
stereoisomer displayed a singlet at 6.2 ppm (ratio = 7:1 E/Z).  In addition to these two 
                                                 
(32) Myers, A. G.; Zheng, B. J. Am. Chem. Soc. 1996, 118, 4492.  
(33) Chirality of Allene: (a) Offermann, W.; Mannschreck, A. Org. Magn. Reson. 1984, 22, 355.  (b) 
Mannschreck, A.; Munninger, W.; Burgemeister, T.; Gore, J.; Cazes, B. Tetrahedron 1986, 42, 399. 
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stereoisomers, the non-deuterated product was also present.  Unexpectedly, the alkene 
stereoisomer ratio diminished over time, and at ten hours a 3:1 diastereomer ratio was 
observed.   
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.17
C10H21
B(pin)
B(pin)
D
B2(pin)2 (1.2 equiv)
toluene-d8 (0.15 M)
(68% yield)
C10H21 •
H
D C10H21
B(pin)
B(pin)
HBDHA
(R)-2.23-d1 (R)-Z-2.22-d1(R)-E-2.22-d1
3:1 E/Z  
HA 
               
HA 
HB HB 
HA 
HB 
  unlabeled reference           t = 1 h                   t = 10 h 
Figure 2.1.  Diboration of enantiomerically enriched allene (R)-2.23-d1 with catalyst 
prepared from (R,R)-2.17.  Reaction progress monitored by in situ 1H NMR.   
 
 Two experiments were conducted to determine the source of the 
diastereochemical erosion.18  First, the 3:1 E/Z mixture of (R)-E-2.22-d1 was resubjected 
to the catalytic reaction conditions and further diminution of the stereoisomer ratio was 
not observed.  Due to the possibility that the 3:1 E/Z ratio might represent an equilibrium 
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isotope effect,34 the diboration of (R)-2.23-d1 was conducted with (S,S)-2.17 (Scheme 
2.22).  When ligand (S,S)-2.17 was employed in the diboration a 1:3 E/Z ratio of alkene 
stereoisomers was obtained.   
 
Scheme 2.22.  Diboration of (R)-2.23-d1 with (S,S)-2.17 
2.5 mol % Pd2(dba)3
6 mol % (S,S)-2.17
C10H21
B(pin)
B(pin)
D
B2(pin)2 (1.2 equiv)
toluene-d8 (0.15 M)
(68% yield)
C10H21 •
H
D C10H21
B(pin)
B(pin)
HBDHA
(R)-2.23-d1 (S)-Z-2.22-d1(S)-E-2.22-d1
1:3 E/Z  
 When the experiment described in Scheme 2.22 was repeated and halted at 90 min, 
racemic starting material was recovered.18  More importantly, when (R)-2.23-d1 was 
treated with Pd2(dba)3 and the chiral ligand (R,R)-2.17, in the absence of B2(pin)2, the 
recovered starting material was found to be racemic (Scheme 2.23).  This observation 
suggests that allene isomerization is competitive with allene diboration.  The abatement 
of the alkene stereoisomer ratio in the diboration of (R)-2.23-d1 is due to diboration of the 
racemized allene.  However, based on the initial selectivity from the diboration of (R)-
2.23-d1 we can conclude that substrate insertion into the Pd(II)-bis(boryl) oxidative 
addition adduct occurs at the terminal bond of the allene.   
 
 
 
 
                                                 
(34) (a) Saunders, M.; Wolfsberg, M.; Anet, F. A. L.; Kronga, O. J. Am. Chem. Soc. 2007, 129, 10276.  (b)  
Ribo, J. M.; Valles, A. J. Chem. Soc., Chem. Commun. 1981, 205.  
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Scheme 2.23.  Pd-Catalyzed Racemization of (R)-2.23-d1 
C10H21 •
H
D
(R)-2.23-d1
>95% ee
2.5 mol % Pd2(dba)3
6 mol % (R,R)-2.17
toluene, rt
45 min
C10H21 •
D
H
racemic
 
 
 2.3.4.4. Mechanism: Allene Racemization.  Metal-catalyzed allene racemization 
has previously been observed;35 however, mechanistic details are slight.  In fact, Trost 
reports the synthesis of chiral allenes in the presence of Pd2(dba)3 through the dynamic 
kinetic asymmetric allylic alkylation of racemic allenes,36  making the racemization of 
chiral allene (R)-2.23-d1 surprising.  Catalytic palladium(II) will also racemize an allene 
in the presence of lithium bromide.35a  This requires addition of bromide to the central 
carbon of the allene.  It is possible that a similar mechanism operates for the racemization 
of (R)-2.23-d1.  Alternatively, palladium-catalyzed C-H abstraction of the allylic 
hydrogen, followed by formation of a vinyl palladium, rotation, and reductive elimination 
could also account for allene racemization (Scheme 2.24).   
 
Scheme 2.24.  A Potential Mechanism for the Pd-Catalyzed Allene Racemization 
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(35) (a) Horváth, A.; Bäckvall, J. Chem. Commun. 2004, 964.  (b) Claesson, A.; Olsson, L. -I. J. Chem. 
Soc., Chem. Commun. 1979, 524.   
(36) Trost, B. M.; Fandrick, D. R.; Dinh, D. C. J. Am. Chem. Soc. 2005, 127, 14186.  
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 To determine if allene isomerization occurs by allylic CH abstraction, allene 2.25 
was synthesized (Scheme 2.25).  According to the mechanism is Scheme 2.24, the allylic 
stereocenter should be racemized as well.  Methyl iodide alkylation of oxazolidinone 2.26, 
followed by lithium borohydride reduction of the chiral auxillary afforded primary 
alcohol 2.27 in excellent yields.  Ruthenium-catalyzed oxidation of the primary alcohol 
afforded the α-chiral aldehyde which was immediately treated with lithiated 
trimethylsilyl acetylene.  Deprotection of the TMS group with potassium carbonate 
afforded a propargyl alcohol situated for allene formation.  The α-chiral methyl allene 
2.25 was then formed under Mitsunobu reaction conditions developed by Myers.31   
 
Scheme 2.25.  Synthesis of α-Methyl Allene 2.25 
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 Allene 2.25 was subjected Pd2(dba)3 and ligand (R,R)-2.17 in the absence of 
B2(pin)2.  The allene 2.25 was recovered from the reaction mixture at time points of one 
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and 16 h.  The enantiopurity of the recovered allene was 83% ee.  Therefore, a 
mechanism such as that depicted in Scheme 2.24 is not operative for the Pd-catalyzed 
racemization of allene.   
 2.3.4.5. Mechanism: Kinetics.  The crossover experiment and 
diastereodifferentiation experiment provided support for the catalytic cycle depicted in 
Scheme 2.26.18  The oxidative addition B2(pin)2 to Pd to form intermediate I is followed 
by substrate insertion to yield the η1-allyl intermediate II.  The facial selectivity for the 
isomerization of η1-allyl intermediate II to the π-allyl intermediate III is controlled by 
the chiral ligand on palladium.  The reductive elimination of the η3-allyl palladium 
intermediate affords the regioisomer of 1,2-bis(boronate)ester.   
 
Scheme 2.26.  Catalytic Cycle for Allene Diboration 
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 Further experimental information about the catalytic cycle described above was 
garnered through kinetic experiments for the allene diboration reaction.  It should be 
noted that catalyst precipitation during the course of the reaction prevented the 
measurement of accurate rate constants; however, the measurement of initial reaction 
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rates by 1H NMR provided a general understanding of the catalytic cycle.  In these 
experiments, product formation was measured against an internal standard.  
 The addition of excess B2(pin)2 resulted in a dramatic rate acceleration (Figure 
2.2).  The apparent first-order dependence on B2(pin)2 suggests that oxidative addition of 
the diboron to Pd may be rate-limiting, a contrast with Pt-catalyzed alkyne diboration 
which is first-order in [alkyne].37  Consequentially, this observation provided a useful 
method for improving the reaction outcome of unreactive substrates.  For example, 
trifluoromethyl-substituted phenyl allenes were unreactive under the standard reaction 
conditions but, with 3 equivalents of B2(pin)2, afford the desired product in acceptable 
yield (Table 2.5, entries 10-11).   
0.30 M
0.120 x 10-4
• 0.15 M 0.047 x 10-4
Δ 0.45 M
0.095 x 10-4
rate (M•s-1)[B2(pin)2]
 
Figure 2.2.  Initial reaction rates for the formation of product vs. time in the presence of 
0.15 M B2(pin)2 (●), 0.30 M B2(pin)2 (■), and 0.45 M B2(pin)2 (Δ).  Catalyst loading: 0.2 
mol % Pd2(dba)3 and 0.48 mol % (R,R)-2.17.   
 
 The initial rates for the Pd-catalyzed diboration reaction were also measured with 
increasing allene concentration.  The exact order of allene could not be determined due to 
                                                 
(37) Iverson, C. N.; Smith, M. R., III, Organometallics 1996, 15, 5155.  
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problems with reproducibility.  However, all kinetic runs show an inverse dependence on 
[allene] (Figure 2.3).  A possible explanation for this observation is that the allene is 
sequestering palladium, removing it from the catalytic cycle by forming an unreactive 
Pd-allene complex.  Significant effort was directed toward isolation and characterization 
of the resting state of the active catalyst; unfortunately, these experiments did not come to 
fruition, but, we believe the resting state of the active catalyst is the Pd-allene complex, 
based on 31P NMR.   
0.30 M
1.81 x 10-6
• 0.15 M 3.68 x 10-6
Δ 0.45 M
2.92 x 10-6
rate (M•s-1)[Allene]
 
Figure 2.3.  Initial reaction rates for the formation of product vs. time in the presence of 
0.15 M allene (●), 0.30 M allene (■), and 0.45 M allene (Δ).  Catalyst loading: 0.2 mol % 
Pd2(dba)3 and 0.48 mol % (R,R)-2.17.   
 
 2.3.4.6. Mechanism: Computational Studies.  The above reaction mechanism is 
unusual in that reductive elimination releases 1,2-bis(boronate)ester IV from π-allyl 
intermediate III (Scheme 2.26) as opposed to releasing the regioisomeric product from 
intermediate II.  To investigate this unusual reductive elimination mechanism, a series of 
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high level DFT calculations using B3LYP38 was performed for the reaction sequence by 
Dr. Shubin Liu at the University of North Carolina at Chapel Hill.18  The Stuttgart RSC 
1997 ECP basis set39 was used for Pd, and 6-311+G*40 was used for other elements.  
Calculations were performed with Gaussian 03 CO2 package with tight SCF convergence 
and ultrafine integration grids.  For transition state structure searches, a single-point 
frequency calculation was performed to ensure that the final structure obtained (i) has 
only one imaginary frequency and (ii) the vibration mode of the negative frequency 
corresponds to the bond formation that is anticipated.  Additionally, intrinsic reaction 
coordinates (IRC) were calculated to verify the relevance of transition state structures.  
Calculations were performed with methyl allene as the substrate, PMe3 as the ligand for 
palladium, and ethylene glycol as the ligand on boron.  
 The minimization of the η2-allene-Pd complex 2.28 indicated that the preferred 
coordination of the metal to the allene is that depicted as in anti-2.28 (Scheme 2.27).  The 
η2-allene-Pd complex syn-2.28 was 2.3 kcal/mol higher in energy than the corresponding 
anti complex.  Attempts to locate an energy minimum between anti-2.28 and the η1-
allylic intermediate II (Scheme 2.26) were unsuccessful; instead, convergence on π-allyl 
intermediate 2.29 occurred.  A single transition state (TS1) was found between anti-2.28 
and π-allyl intermediate 2.29; carbon-boron bond formation at the central carbon of the 
allene occurs concomitantly with the development of π-allyl character.  A consequence of 
this mode of insertion is that the orientation of the ligands on palladium in π-allyl 
                                                 
(38) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 1372.  (b) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 
37, 785.   
(39) Bergner, A.; Dolg, M.; Kuchle, W.; Stoll, H.; Preuss, H. Mol. Phys. 1993, 80, 1431.   
(40) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys. 1980, 72, 650. 
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intermediate 2.29 is dictated by their initial position in anti-2.28.  Therefore, the other 
regioisomer of 1,2-bis(boronate)ester IV (Scheme 2.26) cannot be formed from the 
reductive elimination of 2.29 due to the spatial arrangement the ligands on palladium.   
 
Scheme 2.27.  DFT Calculations for Allene Insertion 
PdR2B PMe3
BR2
PdR2B PMe3
BR2
R2 =
syn-2.28 anti-2.28 2
TS1 (front view) TS1 (side view)
anti-2.28
2.29
ΔE (B3LYP) =
7.2 kcal/mol
ΔE (B3LYP) =
35.5 kcal/mol
.29TS1
ΔE = -2.3 kcal/mol
•
Me
•
Me
H
H H
H
Me
Pd PMe3
BR2
R2B
Me
Pd PMe3
R2B
R2B
O
O
 
 
 The reductive elimination from 2.29, in conjunction with the rotational isomer 
2.31, was investigated (Scheme 2.28).  The barrier for reductive elimination from 
rotational isomer 2.31 is 3.1 kcal/mol lower than the barrier for reductive elimination 
from 2.29.  The π-allyl intermediate 2.31 is also 0.7 kcal/mol more stable than 2.29.  
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Given these results, the rotational barrier between π-allyl intermediates 2.29 and 2.31 
must be high, or else the other regioisomer of 1,2-bis(boronate)ester should be formed.  
The conversion of 2.29 to the η1-isomer, a requirement for π-allyl isomerization, was 
found to be energetically uphill with the η1 structure 9.6 kcal/mol higher in energy than 
the η3 compound.   
 
Scheme 2.28.  DFT Calculations for Reductive Elimination 
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BR2
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2.31
2.30
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2.31ΔE=22.7
2.32
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R2B
R2B
Pd
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BR2
TS2.31→2.32 TS2.29→2.30
units in kcal/mol
 
 
2.4.  Conclusion  
 The first example of an asymmetric palladium-catalyzed diboration was reported.  
The diboration of prochiral monosubstituted allenes proceeds in good yields and high 
enantioselectivities.  Through optimization of the TADDOL-derived phosphoramidite 
ligand scaffold, the enantiopurities for the 1,2-bis(boronate)esters obtained from the 
62 
63 
diboration of allenes are upwards of 98% ee.  Following the optimization and expansion 
of the substrate scope for the Pd-catalyzed allene diboration, experiments that probed the 
catalytic cycle were conducted.  Through several experiments, we have concluded that 
Pd-catalyzed oxidative addition of B2(pin)2 is the rate limiting step for this transformation.  
Allene insertion into the Pd-bis(boryl) intermediate occurs so that the π-allyl intermediate 
forms at the same time that carbon-boron bond formation to the central carbon of the 
allene occurs.  Reductive elimination from the π-allyl intermediate affords the desired 
1,2-bis(boronate)ester.  The other regioisomer of 1,2-bis(boronate)ester cannot be formed 
as a consequence of the mode of substrate insertion into the initial Pd-bis(boryl) 
intermediate.   
 
I2.5. Experimentals
2'5'l' General Procedure. tH NMR spectra were recorded on Bruker DRX 400 and
500 MHz as well as a Varian Unity Inova 500 MH z and Varian Gemini 400 MHz
spectrometers' Chemical shifts are reported in ppm with the solvent resonanoe as the
internal standard (cDClr: 7 .26 ppm). l)ata are reportecl as fbllows: chemical shift,
integration,multiplicity(s:singlet,d:doublet,t:triplet,q:quartct.br:broad,rn-
multiplet), coupling constants (Hz) and assignment. t'c{f HlxuR spectra weie recorded
on a Bruker DRX 400 MH z (100 MHz), 500 ( 125 MH z) MHz, or Varian Unity Inova 500
MHz (125 MHz) and Varian Gemini 400 MHz (100 MHz) spectrometers. Chemical
shifts are reported in ppm with the solvent resonance as the internal standard ((lDCl::
77'16 ppm). 
"P{tUINHAR (161 MHz or 20'2MHz) were recorded on a lJruker DRX 4i-)0
or Varian Unity Inova 500 spectrometer. Chemical shifts are reported for lrl, NIVIR
spectra using phosphoric acid as an external standard. 
'nF NMR B76Mt{z) a*cl rH
spectra (61 MHz) were recorded on a Bruker DRX 400 MHz spectrometer. C..hernical
shifts are reported for tH NMn spectra using cDcls ft.26 ppm) as an interna! stan,Jarrl.
Infrared GR) spectra were recorrJed on a Nicolet 560 Magna-IR a1d a Rr*ker rx-p
Spectrometer' Frequencies are reported in wavenumbers (.r-t) as filllorvs: stro'g 1s),
broad (bt), rnedium (m), and weak (w). Low-resolution mass specrrometry 
.ESI) u,a.s
performed at The tiniversity of North Carolina at Chapel Hill \,{ass Spectrometry Faciliry.
f{ig}i-resolution C]I-GC/MS and El were performed at Duke University. I)urham. NC
MALDI-TOF was recorded at Indiana lJniversity, Bloomington, IlJ. rrigh resolurtion ESI
and DART were performed at Bost'n college, chestnut Hill, MA.
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Liquid chrornatography was performec using forcecr flou, (flash chromatographl.) cn
silica gel (Sio z. 230 x 450 Mesh) pui:chaserJ from Silicycle. I'hin iaysl ct*cmatogr,aphy
r"as performed on 25 pm silica gel glass backed plates from E\,ID Chemicals. Inc. ani
silicycle' visualization was performed using ultraviolet light, phpsphomoiybdir: ircid
(Ph,fA), and potassium permanganate (KMnO+J.
Analytical gas-liquid chromatogr.aph_v (GLC) was performecl on a I_Iewiert paskara
6890 series chromatograph equippe,J with a cl'c Analysis cornbi pal autosa*rplel t3
I'eap Technologies (Canbclro, North Carolina), a split mode capillarl injection systerl: a
fiame ionization rjetector, and a suplec,o F-I)ex 120 column with helium as the carrier gas.
Tris(dibenz;,lideneacetone)dipalladium(0). rnercury(Il) chloricle , anrj
chlorodicarbonylrhodium(I) dimer were purchased from strern chemicsls. Inc.
Bis(pinacolato)rJiboron was obtarned from Allychem Co., Ltd. arr.4 recqrsl*llizecl fr'nr
pentanes prior to use. Toluene-,/* and acetone-dr were purchased from oarnbriclge
Iscltope Laboratories and were dried and degassed prior to use. I,2-Butadiene was
purchased from ChemSampCo., Inc. and usecl as a 
-qolution in toluene. All reactions were
conducted in oven- or flame-dried glassware under an inert atrnosphere cf nitrogen or
argon' Toluene and benzene were distillecl over calcir:m hydride and degassecl L.y freez:e-
pump-thaw' cycles prior to use. Tetrahydrofuran was distiiled fronr sodiu.rn and
benzophenone. Triethylamine was distilled flom calcium hl,Cricle. Allenes were
synthesized according to literature procedures.al Phosphoramidite ligands \Afers prepared
(4i) My'ers, A' G': zheng, B. J Am. chem. soc. I 996, I t8,4492.(b) For aromatic allenes, see: Huang, C. -w'; shanmugasundaram, M.: chan-g,.H. -M., cheng, c. -H. Tetrahedron 2003, 59, 3635. (c) Fo,. o.rBSprotected allene, see: Tro5t, B. M.; Pinkerton, A. ts.; Seidel. M .I Am. Chem. Socl, :0ilt, 123.12466.
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as desr:ribed in the gcneral procedure
acrccid.ing t<l llterature procedur.r.ot All
tusecl without further puri fication.
t'elolr'. TADDOL derivatrves were preparccl
,rther reagents were purchaseC tiom Aidrrc:h and
2.5.2. General Allene Diboration Procedures
2.S,2.L Representative Procedure for Ligund Screening Measuring Conversion by
t H XfrtL. In a dry box. a 6-dram vial with magnetic stir bar vuas chargecl .wlth Pdz(<lba'):,
(3.6 nrg, 1.9 tr1mol) and ('fi,R)-TADD(-)I.PNMez (R,R1-2.4 (5.1 ntg,9.9 umolJ in toiuene-
r/* ( t . l0 mL). The metal and ligand were complexed for t h, at wltich time B2(pin)z [50.o
mg,0.199 mmol) was added, followed by tridec.1,2-diene (30 mg,0.166 mmol). 'Ilhe
reacticn was allowed to stir for 2 min; it was then transferred to an oven-ciried l{MR tutre.
The NMR tube was sealed with a cap and removed tiom the glove bux. Single pulse tll
NMR was used to determine the extent of reaction at 2C min.
2,5.2.2. Representative Procedure ,for Diborution of Allene,s, A 6-dram r'ial lvith
masnetic stir bar was charged with Pd{dba) 3 (7 .62 ng, 0.0083 mrnot). (&,8)-
x1lyil.,\DDOI,PliMez (R,R)-2.L7 (13.0 mg, 0.0199 mmol), and toluene (2J2 r,{) ir. an
inert atmclsphere dry box. After stirnng for t h. It2(pinlz (101.3 rng,0.399 mmoi) rvas
added to the mixture followed by tridec-1,2-diene (60 mg,0.3327 mmol). T'hc: vrai lvas
sealed rvith a polypropylene cap, remo..'ed fiom dry box, and stirred at room temperature
for 12 h. The resulting solution was concenfrated by rotary evaporation and purifiud try
column chrometography on silica gei (296 ethyl acetateihexanes), affording the ! o2-
bis(boronate)ester product in 68oz'c I ieid (,q9.7 mg).
(42) Seebach, D.: Beck, A. K.; Keckel, A. Angeu' chem. Int. Ed.2001. 40.q2.
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2.5.2.3. Mudified Procedure fu Diboration oJ' 1,2-Butadiene.
T'ris(Cibenz:\,lideneacetone)dipallatliunr(O) t i r,.3 ffig, 0.01?8 rnmol) ancl (F,ft)-
xylvl'fADDOLPNMez (R,R)-2.17 (27.-i nrg, [).()426 mmol) were complexed tbr I h i,r
toluene (4.23mL). The reaction was c,hsrged r',rith Bz(pin)z (2'r6.3ntg, C.8-s2 mmol) rrnd
ti.5 mL of a I.42 M soiution of l,2-britadiene in toluenc (the concentratiorr was
determinect b,v tl-i iVlvttt). The vial u,as sealercl with a polypropyrene catrr, remr-rverd fronr
tlre ,Jry box, and stirred at room temperature iilr 14 h. 'l'ire resulting solutiori \r?s
cc''ncentrated by rotary evaporation and purified b-u* column cluomatography (49b sthvl
acetate/hexanes) on silica gel tc afford 16q.2 rng (iio/x yield) of iRi-4.4.5,5-tetramethyi-
l-(3-(.4,4,5.5-tetrarnethl'l-1,3,2-droxaborolarr-11-vl)but-l-en-2-yl)- 1.3,z'clioxaborclane,
2.5.3. Phosphoramidite Ligand Synthesis
All phosphoramidite ligands r rere prepared accorrJing to the general procedure beicw
an,C spectral data are in accordance with those reported in the literature. (r?,fi) -2.1,!t
(R,R)-l.7,oo (g,R)-z.g,ot (R,rt) -2.L0,4' fi,R)-z.ll,o6 (R,R)-2.12,1s (R,R)-2.13,'o (n,R)-
z,i4,o4 0?,rt)-2.r s,o' (R,,R)-2. 16,oo (Rrrt)-z. 17 .13
2. 5. 3. 1. G eneral Proc edure 
.for (R,R ) -TAD D O L-Ph osp h orumidite L igan d,S|,nth esis.
lo an oven-dried flask with magnetic stir bar, under nitrogen, vras adCed flanre-ciried aA
niole*ular sieves. the respective TADDOI, derivative (1 equrr')" and tetrah),',.lrofuran
(43) Pketzsctrner, 'I.; Kleemann, L .; Janza, B.; Harms, K.; Schrader, T. Chem 
-Eur. ,1. 20A4,
(-14) Boele, M. D. K.; Kamer, P. C I.:L,ulz. M.; Spek. A. 1,.; de Vries, J. G.; van l-eeuwen, P.
van SirUdottck. 4';.1'h"em. 
-Eur. i.2004, 10.6?-32.
(45) A.iexakis- A ; Birrton, J.; Vastra, J.; Berrhaiin" C., Foui'nioux,, X.l Heuvel. A.: I-eveque. J
F.r Rosset, i. Eur. J. i)r+. Cnem.2000, 401 1 .
146) Yu. R. I ; Rovis. T. J. Am, Ch:nt. \oc.2006. 12! 12370.
14,6048
W. N. !v{.;
*M.: Maze,
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(ITADDOLI == 0.25 M). The tlask was cooied to 0 "C (ice-water bath) and chargcd with
triethylamine (3.4 equiv) followed by phosphorus trichloride (1.2 eqrliv). The mixture
was wanned to ambient temperature and stirred for 30 min. The reaction mixture was
:
then cooled to 0 oC (ice-water bath) and charged with dimethylamine in tetrahydrofuran
(10 equiv) or the other amine (5 equiv, neat). The reaction rl'as allowed to stir overnight
at ambient temperature, at which time it was diluted with dieth-vl ether" and filtere<l cver
Celite. The solvent was removed by rotary evaporation and the unpurified rnixture was
purified by colurnn chromatography on silica gel.
2.5,3.2. Preparation of 3,5-(su)2TADDOLPNMez (R,R)-2,18. To a 250-rnl flarne-
rJried round bottom flask equipped with an oven-dried magnetic slir bar was addetl flame-
clriecl 4A molecular sieves, followed by 3,5-('Bu)2TADDOL (5.573 g, 6.08'7 mmol:, 1
equiv) and tetrahydrofurun (25 mL,0.25 M). The flask was cooled to 0 oc' (ice-rvater
bath) and charged with triethylamine (2.88 mL, 20.69 rnmol, 3.4 equiv) and phosphorus
trichloride (637 FI., 7 .305 mmol, 1.2 equiv). The mixture was allowed to warm to
ambient temperature and stirred for 30 min, at which time it was co.lled to 0 oL' lice-
water bath) and charged with dimethvlamine (30 rnl-,2.0 M in tetrahydrofuran, 10 equiv).
The m.ixture was r,vanned to ambient temperature, stirred overnight, and was diluted with
diethyl ether, and filtered over Celite. Solvent was removed by rotary evaporation and
the unpurified reaction mixture was purified b.y" column chromatographv on silica gel (4%
erhyl acetate/hexanes) to afford the desired phosphoramidite (3 .95 g, bs%yield).
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tsu rBu (3aft,8afi)-4,4,ti08-Tetrakis(3,5-rtri -tert-butylphenyt)-ry,,1r-
!-r\ /t-'rt ,ru " 
r
't"\t r\-;' dimethyl-tetrahydro-[l ,3ldioxolo[4,5-el[1,3,1idirxaphosphepin-
*">{oY *-oo 
-*r,", r- 
- -Me- a, \r--o Ntuie2 6-amine (R,R)-2;18. 'H NMR (400 NIHz, cDCh) 6 G.08 (.JIr. s!
't'r,'*{ )-ry'su
'\-r/ '',.--J CH3CO),1.24 (18I{, s, (CHj3CAr). 126 (18H, s, (CHr).rCAr)" 1.?BI
rBu rBu
(RR)-2.18
CHrCO),2.88 (6H, d,.I='10.4 Hz, (CIIr)zN), 4.76 (1H, d,J:8.8 Hz. OCHC). 5.25 (ilI,
dd, J : 8.!, 2.4 
.Hz. OCHC), 7 .12 (2H, d, "j'-- 2 Hz, ,\rH), 7 .20-7 .25 i-lH, m. ArH), 7.41
(z[,s, ArH), 7.60 (2H, d,J:1"6 Hz, ArH),7.63 (2H, d,J-- 1.6 Hz, ArH).t'C NMR
(100 MHz, CDCI:) E 24.0,28.2,31.65, 37.69,37.7,34.g,35.0, 35.1, 35.5, 35.7,81.4,
8i 5. 82.4.82.5, 83.9, 83.9. 84.1, 110.t). 120.1 ,120.1. 120.7,121,.6. i23.8, 123.9; 123.9,
141.2^ 142.0, 146.20, 146.23, 116.6,148.g. 149.0" 149.3 ,14g.7. ''P NMR (161 MHz.
CDCI3) 6 141.9. IR(CH2Cl):3437 (w, br), 3064 (s), 2959 (s), 2900 (s), 2854 {s),2792
(s).2753 (s),2709 (s),2353 (s\,2326(s),2287 (s), 1778 (s), 1,592 (s), 1-{75 (s), 1392 (s),
1366 (s), 1254 (s),1190 (s), 1t153 (s),968 (s),894 (s),870 (s),785 (s),73a (s),696 (s)
cm-'. I{RMS-(ESI+): for CosHqsNO+P calc'd: 988.7312 1M+I{l*, ohserved: 9tJ8.7306
(M+I{}-. Purification: silica gel with 4o/n ethyl acetate/hexanes aff<rrded thc ilesire,J
phosphoramidite (3.95 g, 65% yield) as a white soliJ. Rr = 0.52 (2% ethy'l
acetate/hexanes, stain in PMA).
f 18H, s, (CH:):CAr). 1,29 (i 8I{, s, ICIIr):CAr), 1.4b (3I1, s,
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/
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Currents Oata io ,neters
NAIIE heb2 
-2 3 3EXPNO 6
PROCNO ].
F2 - Acguisition Parameters
Date_ 20050803
Time 10.59
INSTRUI{ spect
PROBHD 5Im QNP 1Hl13CPULPROG zgpg3O
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F TNP F<
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DW
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ELL
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2.5.3.3. Preparation of 3,5-(CFj)yTADDOLPNMez (R,R)-2.19. To a 100-mL
round-bottom flask equipped with an oven-dried magnetic stir bar, was added 4A
molecular sieves, followed by 3,5-(CF:)zTADDOL (2.43 g, 2.4A mmol, 1 equiv) and
tetrahydrofuran (9.6 mL, 0.25 M). The flask was cooled to 0 oC (ice-water bath) and
charged with triethylamine (1.13 mL,8.16 mmol) followed by phosphorus trichloride
(251 pL, 2.88 mmol). The mixture was allowed to warm to ambient temperature and
stirred for 30 min, at which time it was cooled to 0 oC (ice-water bath) and charged with
dimethylamine (I2 mL,2.0 M in tetrahydrofuran). The mixture was warmed to ambient
temperature and allowed to stir overnight. At which time, the reaction mixture was
diluted with diethyl ether and filtered over Celite. The solvent was removed by rotary
evaporation and the unpurified reaction mixture was purified by column chromatography
on silica gel (10% dichloromethane/hexanes), and then recrystallized from
dichloromethane to afflord phosphoramidite (R,R)-2.19 (597 mg, 220,6, yield) as a rvhite
solid.
(3 alt,Salt)-4,4,808-Tetrakis(3,5-bis (trifluoromethyl)phenyl)-
cFg N,N-dimethyl-tetrahydro-[1,3]dioxolo[4,5-
cF3 F
FoC
Me
Me
Fec
CF3 F3C
(R,R)-2.19
ocHC), 4.94 (lH,
ArH), 8.30 (2H, s,
o"b-tt", 
elflr3,2ldioxaphosphepin-6-amine (R,R)'z.lg. tH Nif'lR (500
o
cFg MHz, cDCl3) D 0.35 (3H, s, cHrc6H:), 1.51 (3H, s, cH3ccHr),
2.85 (6H, d, J:11.0 Hz, (CHs)zN), 4.33 (1H, d, J: 8.5 Hz'
dd, J: 9.0, 3.5 Hz, OCHC), 7.83-7.89 (8H, m, ArH), 8.03 (2H, s,
ArH). "c NMR (r25 MI{2, cDCl3) 6 25 .4,27.2.35.2 (2C, d,2Jcp:
73
20.2H2). 79.J,80.2 (1C, d,'Jr'r:8.2H2),81.9 (1C, d,tJrr:22,2H2),82.9 (1C, d,tJu
: 3.1 Hz),1 13.4, 122.5 (1C, q,3 Jcr: 3.5 Hz), 122.6 (1C, q, 3 Jcr : 3 .6 Hr), 122.9 (1C, q,
tJrr:3.7 Hz, lzi.0 (lC, q,3Jcr: 3.5 Hz), 123.24 (4C, q, IJcr:272.6Hr), 123.25 (2C,
q,tJcp:272.7 Hz), 123.3 (2c, q,,tJcr-:272.2H2), 126.8 (2C), 127.0 (2C), 128.7 (,2C),
128.8 (2C), 131.6 (2C, q,2Jcr: 33.5 I{z), 132.12 (2C, q,2Jcr: 33.5 Hz), t32,15 (2C, q,
tJrr:33.2H2), 132.6(2C,q,2Jcp:34.2H2),141.8, 142.7,146.5,147.4. "PNMR (202
MHz, CDCI3) 6140.7. 'nF (376MH2. CDCI:) 6 -63.8 (6F, s), -63.7 (6r^, s), -63.6 (6F, s)'
-63.5 (6F, s). LRMS-(ESI+): for C+rHzrFz+NO+P calc'd: 1084.12 (M+H)-, observed:
1084.2 (M+H)*. Purification: The ligand is very sensitive to silica gel and will
decompose on the column. The ligand was eluated with l0% dichloromethane/hexanes
and further purified by recrystallization from dichloromethane to afford 597 mg (22%
yield) of a white solid. Rr:0.51 (109/o dichloromethane/hexanes, stain in PMA).
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2.5.4. Characterization of Substrates in Table 2.5
**,.y1jrl. (R)-4,4,5,5-Tetrarnethyl-2-(3-(4r4,5,5-tetramethyl-1,3'2-{r} J-\5" dioxaborotan-2-yl)but-1 -en-Z-yl)-1,3,2-dioxaborolane (Table 2.5,I A F-',
^n"./-yB-d 
Me
ll entry 2). tH NMR (400 MHz, CDCI3) 5 1.11 f.3H, d, J:7"2H2,,
CHTCHB), 1.23 (12H, s, OCCHr). I.26 (12H, s, OCCH3),2.03 (1F{, !l'./:7.2 Llz,
CH:CHB), 5.55 (1H, br s, CHCB), 5.74 (trH,cl, J: 4Hz,CHCB). 'tC NMR (100 MFIz-
cDCl3) d 14.3,24.8 (4C), 24.9 (4C), 83.2,83.4, 125.9. IR (neat): 2978 (s)' 2933 (s),
2874 (s), 1612 k), 1464 (m, br), 1423 (m, br), 1378 (m, br) cm-'. I{R\'IS-(ESI+): for
C16H36B2Oa calc'd: 331 .2228 (M+Na) t, observed: 33 | .2229 (M+Na)+. Purification:
silica gel w.ith 49lo ethyl acetate/hexanes as the eluant provided 74'mg of a yellow oil
(72o/o yield). Rf : A32 $% ethyl acetate/hexanes' stain in PMA).
proof of Stereochemistry. Configuration and stereoisomer ratios were determined by
diimide reduction (2-nitrobenzenesulfonylhydrazid",o' triethylamine, dioxanes, 95 oC) of
the vinyl boronate fbllowed by basic hydrogen peroxide oxidation (3 M NaOI{' HzOz,
quench with Na2S2O3). The resulting tliol was compared to commercially available
racemic 2,3-butanediol and (2R,3R)-(-)-butanerJiol, purchased frorn Alclrich.
(47) Myers, A. G.; Zheng, B.: Movassaghi, M. J. Org. Chem. 1991,62,750"1
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nrr,-y"ylrur* (R)-2-(l -Cyclohexyl-l-t404,505-tetramethyl-I.3,2-dioxaborolan-2-
i- T' Mq i/ra
o*. b 
" 
iYlr" yl)prop-2-en-2-yl)-4,4,5-5-tetramethyl-1,3,2-dioxaborolane (Table
| | t<.
a^t(-\'B-o ^'-rvr* ,.r, entry 3). tH NMR {400 MHz, cDCl3) 6 0.80:1.4 (su. rn, cy'H),ir ) li -'rrt vrrrr.l ''I' rr 1\:'rr\ r ' 'r/ '' "
I.19 (6FI. s, OCCHr), 1.20 (6H, s, OCCH.), 1.24 (12H, s, OCCHr)" 1.60-1.80 (,7F1. rn,
CyH and CIICIIB), 5.63 (iH, d, .,r== 2.8 FIz, CBCH), 5.82 (1H,, d, J= 3.2H2,, CBCH)'
'tC NMR (100 MHz, CDCtl3) 6 24"9,2o.6 (2 C),26.7 (1C), 26.9 (2C), 32.8, 33.7.38 5.
82.g,83.3, 129.3 IR (neat): 3062 (s),2978 (s),2923 (br),2850 (s), 1604 (s), 1371 lbr'
m) crn'r. HRMS-(ESI): tbr CzrH:eBzO+ caic'd: 399.2854 (M+Ne)*, observed. 399.2871
(M+Na)*. Purification: silica gel with 4o/o etl'ryI acetate/hexanes affor,Ceil 97 mg $A%
yield) of a yellow oil. Rt: 0.32 (4% eth,vl acetateiheranes. stain in Ptv{A).
pr<lof of Stereochemistry. Configuration and stereoisomer ratios were determined by
diimide reductio n (2-nitrobenzenesulfonylhydrazide,ot t.iethylamine, dioxanes, 95 nC) of
the yinvl boronate follo,*'ed by basic hydrogen peroxide oxidation 13 M NaOH , H'{)2,
quench with Na2S2O3). The resulting diol was protected as the acetonide (p-
toluenesulfonic acid and 2,2-dimethoxypropane). Racemic material was prepared from
the diboration of propa-1,2-,Cienyl-cyclohexane as described in the general procedure
using tricyclohexylphosphine. The cliboron was then reduced, oxidized, and protected as
described above. Configuration was established by hydrogenation of ( 1R, 2R)-l-phen;-l-
propane-1,2-drol (prepare,J via Sharpless asymmetric dihydroxylation)as with rhodium on
(48)Nonby, P. -O.: Becker" H.; Sharpless. K. B .1. Am. Chem' ^Soc. 1996, 118.35'
8i
alumirr.a, gtraqial acetrc acid. ancl H: (60 psi)."e i he resultirrg dicl was protected as the
acetonide (n -to luenesulfoni c ac i,.1 and'2,Z-di rn ethclxy propane).
Chira.i GLC (i-dex, Supelco, I2finCl -- anal.y,si.: qf ocetonide deriv*d.from reduc'iir,,n and
oxirJetion o-f rer;ction prcduct {ts dtscril,ed ahove.
titJ
t:
I
I
r.:1 r
ri
'n"
it
-Jlt-"-
Diboration
Product
Authentic Racemic Diboration
Product & Racemic
(a9) Korb, H. fJ.; S,harpless, K. B. 'fetruhedrrtn 7992,48, i0515'
$
1[
i!**
ltt
'fi1
E2
*"_["jj*" (R)- (3.4-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
' .,b ^-["n4" yt)pent-4-enylox y)Qerrbuffl)dimethylsilane (Tabte 2.5,errMe fre ? P-tY." r
ue j-_$i-o-^--''--t B-o'-Me n*n, A\ lrr xirrtp (ann I\{Md Me f - 
u 
entry 6). tH NMR (400 MHz, cDClr) 6 0.003 (6H' s,
(CHr)zSr),0.8q (.9H, s, (CHr)3CSi). 1.19 (6i{. s, OCCHr), 1.20 (6H"s. OCCHj), 1.22
(12I{, s, OCClHr,), 1 .74 (.1H. m, C}{;CIInIltsCli{B), 1.85 (1H, nr, CFI2CII6HnLIHIJ). i.98
(1H, t, .I ': 7.4 Hz, CIH2CI{BCB), 3.55 (2H, m, OCHzCHz), 5.55 (1H, d, .-r : 2.4 l1z,
CHCB), 5.75 (1H, d, J:3.2II2, CHCB). ''C NMR (100 MI{2, CDCI:) S -5.1. -5.07,
18.5, 24.7 (2C),24.8 (2C),24.q (2C),25.0 i2C), 26.2(3C). 32.7.63.0. 83.1 (2C), 83 4
(2C), 128.0. IR (neat): 3055 (w).2973 (s),2848 (s),2734(w),2289 (w)' 1610 (s). 1475
(s), l36t (s), 1274 (s), 1241 (s) cm-t. LRMS-(ESI+): for Cz:H+oBzNaOsSi calc'd:475.3
(M+Na)+, observed : 47 5 .3 (l\4+Na)*. Purification: silica gel rvith 5% ethytr
acetate/hexanes afforded 162 mg (68?; yield) of a yellow oil. Rr - 0.33 (5% ethyl
acetatel'hexanes, stain in PN{A).
proof of Stereochemistry. Configuration and stereoisomer ratios were determined by
diinride reduction (2-nitrobenzenesulfonylhydrazide (3 equiv),47 triethyiamine (6 equiv;,
,lioxanes 10.1 IvI), 80 oC, overnighf ) of the vinyl boronate followed by basic hydrogen
peroxide oxidation (3 M NaOH , HzQz, quench with NazSzO:). The resulting diol was
protected as the diacetate (acetic anhydrid e (l .2 equiv), triethylamine (3 equiv), and 4-
dimethylaminopl-ridine (cat.) in dichloromethane (0.25 M)). Racemic material was
prepared from the diboration of tert-bvtyldimethyl(penta-3"4-dienyloxy)silane as
described in the general procedure ,lsing t,ricyclohexylphosphine
83
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n anrl oxidation of reaction product as rie.scrihed abuve
Cldral GLC
ecetate deriv
a, r1l\Itd
.*l q
_r tf)Nr{ti
iili
iili
irlilIlt{lill n
lili
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Diboratron Product
& Racemic
R.acemicDiboration Product
E4
*u- ff?u* (S)-404,5,5-Tetramethy l-2-(l -(.1r4,5,5-tetrarnethyl-1'3+-/ , ll"r"o,'r'o 
o
,.r_\ *;i*: dioxabororan-2-yr)-1p-tolylprop 
-z-en-z-vr)-r,-r,2-
riiil
Me.,..t, dioxaborolane (Tahle 2.5, entry 8). tH NMR (400 \4He,
CDCI3) d 1.24 (6H,,s, OCCH{, 1.27 (12H, s, OCCH3), 1 28 (6tI, s, OCCH3i,2.31 (3i{. s'
CH3Ar),3.35(iH,s,ArCHts),5.28(1II,tbr, J-2.4Hz,CBClItr),5.83(lH,gbr,'/:2'8,
1 .6 FIz. CBCH), 7 .09 (4t{, s, ArH). ''C NN'[R, (100 N{Hz, cDch) 6 21:i " 24.6 QC'1,24.7
(2C),24.9,(2C,1,25.(t (2C). 83.5 (2t--), 83,6 (2C), 127.g, 12g.0 (Ici. 12q.g izc\,114.8,
134.7. IR (neat\:2976 (s'5,2926 (s).2867 (w),2731 (w),2291 (v;5,2244 (w.), 1890 (w)'
161'0 (s), 1513 (s), l4I2(br) cm-r. L.RMS-(ESI+;: for CzzHrsBzO+ calc'd; 385.2 (MiH)*.
observecl: 385.2 (M+H;*. Purification: silica gel with 2o/o ethyl acetate/hexanes afforded
21b.g mg (71% yield) of a yellow oil. Rr: 0.24 (4% ethyl acetate/hexane$, stain in
PMA).
proof of Steleochemistry. Configuration and stereoisomer ratios \^rere determined by
diimi4e reduction (2-nitrobenzenesulfon-vlhydrazide (3 equit),ot triethylamine t6 equiv),
dioxanes (0.1 M). 80 oC, overnight) of the vinyl boronate follor,ved by basic hycirogen
peroxide oxidation (3 M NaOH, kI2O2, quench with NazSzO:)" The resulting diol was
protecte,J as the acetonide (p-toluenesulfonic acid ancl2,2-dimethox;rpropane). Racemic
materia.l was prepared fiom the rJiboration of 1-methyl-4-(propa-i,2-dienyl;benzene as
described in the general procedure using tricyclohexylphosphrne. 'f-onfiguration was
85
estabilsheri in c6rnparison tc autheruic rnaterial prepared try Sharpless es-vmntetri'r
dihrvdroxyl.ation crf 4-met hyl-trctns-p-merhylstyrene.as The resulting diol was protected as
the acetonide qp-toluenesulfonic acid anci 2.2 -dimethoxypropane).
(lii-a!, GI( . (fi.ie.x Supelco. I I 5 uC') -- unalysis ,tf acetonide rierivecl.fVotn redac:tit,tn aft,J
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(^S)-2 -( 1 -(4-Methoxyphenyl)- 1 -(4'4,5'5-tetramethyl- 1'3,2-
dior a borolan-2-yl)p rop- 2'en-2-yl)-4,4.5,S-tetram ethyl- 1,3,2-
dioxaborolane (Table 2.5, entry 9). tH NMR (400 Ir{I-Iz,
CDCI3) E 1.22 (6t{, s, OCCHr). 1.25 (12H, s, OCCH), 1.26 (6Fi, s. OCCHT),3.31 (1It" s'
ArCHB),3.76 (3F{, s'' CHjOAT), 5.27 (1H, s, CBCH). 5.80 (1I{, br, 9,,J : I.2 Tlz,
CBCH), 6.S1 (2H , d, J: 8.8 Hz, ArH 1,7.11 (2H, d, J:8.4 LIz.,ArH). t'C NMR 1100
MHz, CDC[) 6 24.6" 24.7,24.9,25.0. 55.1, 83.4 (2C), 83.5 (2C), 113.7, 12t.7,13t).9,
132.5, 157.6. IR (neat): 3069 (m), 2965 ls),2922 (s),2720 (w). 2589 (w), 2545 (tv),
2421 (w), 2050 (w), 1876 (w), 1658 ('w), 1609 (s), 1576 (s) cm-l. LRN S-(ESI+): for
C::HisBzOs calc'd: 401.2 (M+FI)*, observed:401.2 (M+H)*. Purification: silica gel with
50,/o ethyl acetate/hexanes provided 160.8 ng (6gohyield) of a yellow oil. Rr: 0.09 (4%
ethvl acetatc/hexanes, stain in PMA).
proof of Stereochemistry. Configuration and stereoisomer ratios were determiried by
diinride reduction (2-nitrobenzenesulfonylhydrazide (3 equiv),47 triethylamine (6 equiv),
dioxanes (0.1 NI), 80 oC, overnight) of the vinyl boronate followed hy basic hydrcgen
peroxide oxidation (3 M NaOH , HzOz, quench with NazSzOl) The resulting diol was
protected as the acetonide (p-toluenesulfonic acid and 2,2-dimethox)'propane). Racemic
material was prepared from the diboration of 1-methoxy-4-(propa-1,2-dienyl)benzene as
described in the general procedure using tricyclohexylphosphine. Configuration was
established in comparison to authentic material prepared by Sharpless asymmetric
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I
I
I
I
I
I
-1
dihydroxvlation rif anethole.as 'fhe resulting diol u'as prot*'cted as the acetonide [r?-
tol uenesul fcnic acid and 2,7 -di methoxyprtlp ane ).
Chirul GLC (/-dex, Supelco, 120"C) - analltsis of acetonide derivedfrom redueti.on and
oxidation a-f reaction prod.uct as tlescribed above.
Diboration Product Authentic Racemic Diboration Product
& Racemic
fh
tSl
ll"
rF
fi
tl
ilil
ti
tl
iiil
ti
it
iltltl
iltll,
88
!17)
R9T'qZ
-
-3s6'o
-
-
-6?0'r
-!-E_q__r_
-7tiFG
-
-
-
-+
,y__t_
-
 iatl
100'z
oloo*
u
o
 
I 
o
U 
O
O
 
O
 
lt 
O
 
N
 
N
o
 
a4 o
 
o
 
il 
m
lq:E 
u
 
:E 
N
o
 
,a
vo
 
U 
tdlE 
tr 
I 
!E
IO
rfi!rqoo 
[ !doo@
 
!on 
o
o
o
o
l.i39dB 
lit"':?3 gFg H
 ?
lt.@
oo 
o
o
m
 
tl'flo 
o
\ 
m
 
m
O
 
Fi 
I N
 
lrfiO
tQOC{OdA
\o@
qo
.oJ,
\.Fl0o16
47otr6.1 
n
-dn
4a;EO
UOu8il. 
!
ilaii a
 
r 
t
iPEH
H
E iiH
rIB e
a
aFfrsu
NO
6dndaoNq6N.F
a
.d
N
NO
lCt 
u
a
nd
N
AO'Nq
h@
N
o
 
.F
n
o
 
.
d
td&
SHCr
nl44
aN;ooh3
qk!
ul@
m
d 
o6n!do@
oEN
l{N 
ElrrO
 
O
m
m
€dH
O
N 
rdi.O
\brrC,
p 
| 
loN
 
O
o 
N
Nd
0o 
d@
t 
ltm
 
dL
g,a 
Ao 
d
rdo 
O
lr.C 
dd 
d
a
.a
s'de
d.dn
t!
2 
^
 
9 
E^P 
H
i, 
oU 
-
 | AfrA 
Et
ka'lZU. 
l0tO
€r!qA 
>
!EAO
 
r,E1/}O}l 
|l
6frfr8 r8'f,FfrR884ts
7
9(,e 'r
gVZ'T
992'r
T08'9 
-
-
-
.\_
z(,8' 9 
-
-
-
-
850't 
-
-\_
6TT' L 
-
-
-
7T€'E
991'E
992'S 
-
708'9 
-
-
-
-
908'9 
-<
Ucnc\c,tIann0),4
co
.
^co
c\gFl0>(\--1/\
\/=
o
,o
=
89
06
_
_
-
-
 
L3
2 
.
51
,7
-
-
 
L2
7 
.
7 
41
-
Lt
3 
.
69
9 ry
'A
H v U) I tJ t\) @ I o ts a
83
 .5
17
83
 .4
62
77
.4
19
77
.L
00
76
.7
82
25
.0
58
25
.0
13
24
 .8
69
24
 .6
34
24
 .5
7 
0
,
<
-
\r_
55
. i
-6
6
3 
!IE
EI
FS
! E
EI
f;i
 g
Ee
cE
rE
EE
gs
Ep
dI
A#
Er
 I
EE
g
; "
"
 
*
"
f,!
 -
 
-
i 
fr 
i t
rl.
f; 
8!
'i
E;
;-1
"2
!-t
r iu
 
4z
 
E-
-- 
| 
[ 
:
a
a
Eo
F'
ro
,
' 
c 
.
 
F 
so
o
 
t 
!! 
ln
! 
r 
a
 
I 
o
u
o
 
a
 
a
t
t 
0 
,
h 
l 
Pa
uc
{ 
iF
 
o
ts
 
dl
! 
PF
Fr
 
F 
O
eo
su
g!
ts
e3
 
dG
O
ea
F6
t 
O
l
t 
u
N
oo
o 
r 
o
o
{ 
N
ao
€N
- 
9{€
. 
66
n6
EN
6i
| 
€
.
 
.
 
.
 
r 
i 
r 
H
. 
.
 
F,
 
o
o
o
o
. 
Fc
!.o
 
e
o
u
6\
i. 
H
t 
pa
| 
5O
IO
O
-P
l 
!O
Ne
 
UO
. 
{rF
 
6r
rU
UO
oF
l
t 
.
so
o
o
o
!s
l 
ho
uo
l 
o
o
a
€
a
o
a
u
u
o
ts
!u
ao
pr
oo
l 
Fa
on
a
lld
x 
rtE
cE
 
r 
lo
E 
I 
rr
rx
ct
 
rE
r 
.
r 
EF
6U
I 
I 
tE
r 
i 
a
.t 
rt 
a
ifl 
n
.
 
t 
! 
"
 
; 
I 
o
o
o
 
o
f 
o
 
r
P *J o P Ol P (Jr o P rr. H u, O ts N O H P ts O N rrt iJ
vre--J-l--MeI t M", 
-M"
(CI-4,4,5,5-Tetramethyl- 2 -(l'(4,4.5,5-tetramethyl -l 13 r2-
o- -o \-M€'?- 91tu" dioxaborolan-2-yl)-1-(4-(trifluoromethyl)phenyl)prop-2-en-J- R ,/\B-d'rtl"
Fsc yl)-1,3,2-dioxaborolane (Table 2.5, entrT 10). tH NMR (400
MHz, CDC13) 6 1.24 (12H, s, OCCH3), 1.25 (12H, s, OCCHT), 3.44 (lH, S, ArCHB),
5.34 (lH, s, CBCH),5.86 (lH, s, CBCH),7.33 (2H,d,J:8.0 Hz, ArH),7.51 (2H,d,J:
7.5Hz,ArH). t'C NMR (100 MHz, CDCI3) 624.7 (2C),24.8 (2C), 24.9 (2C),25.0 (2C),
83.8 (2C),83.9 (2C), 124.6 (1C, q,tJco:271 Hz), 125.1 (2C, q,3Jcp:3.7 Hz), 127.8
(1C, q,2Jcr:32.2H2), 128.9,130.3 (2C), 145.6. 'eF NMR (376.4 MHz. CDCI:) 6 -62.8
(s). IR (neat):2984 (s), 2930 (s),2859 (w),2354 (w), 1627 (m), 1366 (s), 1323 (s), 1133
(s) cm-'. LRMS-(E,SI+): for C22H31BzF:O+ calc'd: 43g.2 (M+H)*, observed: 43g.2
(M+H)+. Purification: silica gel with 4oh ethyl acetatelhexanes as the eluant afforded 104
mg (53% yield) of a yellow oil. Rr: 0.23 (4% ethyl acelateft'texanes, stain in PMA)
Proof of Stereochemistry. Configuration and stereoisomer ratios were determined by
diimide reduction (2-nitrobenzenesulfonylhydrazide (3 equiv),47 triethylamine (6 equiv),
dioxanes (0.1 M), 80 oC, overnight) of the vinyl boronate followed by basic hydrogen
peroxide oxidation (3 M NaOH , HzOz, quench with NazSzOs). The resulting diol was
protected as the acetonide (p-toluenesulfonic acid and 2,2-dimethoxypropane). Racemic
material was prepared from the diboration of I -(propa- I ,2-dienyl)-4-
(trifluoromethyl)benzene as described in the general procedure using
tricyclohexylphosphine. Configuration was established in comparison to authentic
material prepared by Sharpless asymmetric dihydroxylation of 4-trifluoromethyl-trans-$'
MeMe.
91
methylstyretre.o* The resulting diol was protected as the acetonide (p-toluenesulfonic
acid and 2,2-dimethoxypropane).
Chiral GLC (B-dex, Supelco, .l05 "C) 
- 
analysis of acetonide derivedfrom reduction and
oxidation of reaction product as described above.
Diboration Product Authentic Racemic Diboration Product &
Racemic
92
MeMeMe!-Me (O-4,4,5r5-Tetramethyl-2'(l'(4,4,5r5-tetramethyl'lr3r2'i\Meo'''o ;+*fi" dioxaborolan-2-yl)-l-(3-trifluoromethyl)phenyl)prop-2-en-2-yl)-ll\1
a*.,,\,,. 8-6/-tvte
V ll 1,3,2-dioxaborolane (Table Z.S, entry ll). ltt NMR (400 MHz,
I
CFs
CDCI3) 6 1.24 (6H,,s, OCCH3), 1.24 (6H, s, OCCH), 1.25 (6H,s, OCCH), 1.26 (6H, s,
OCCH3),3.42 (1H, s, ArCHB),5.33 (1H, s, CBCH),5.85 (lH, s, CBCH),7.36-7.42(3H'
m, ArH) .7 .53 (1H, s, o-ArH). '3C NMR (100 MHz, CDC13) 6 24.6 (2C),24.7 (2C), 24.9
(2C),25.0 (2C),83.8 (2C),83.9 (2C), 122.4 (1C, q,3Jcp:3.8 Hz), 124.6 (1C, q,tJcr:
272.3 Hz), 126.9 (1C, q,3Jcr: 3.8 Hr), 128.6, 128.9, 130.4 (1C, q,2Jcr: 32.2 Hz),
133.5, t4Z.Z. teF NMR (376 MHz, CDC13) 6 -63.1. IR (neat):3064 (w),2978 (s), 2932
(s), 2357 (w), 1603 (m), 1445 (m), 1366 (s), 1320 (s) 
"--'. 
LRMS-(ESI+): For
CzzH:rBzF:O+ calc'd: 439.2 (M+H;*, observed: 439.2 (M+H)*. Purification: silica gel
with 4o/o ethyl acetate/hexanes delivered 97 mg (50% yield) of a yellow oil. Rr : 0.18
(4Vo ethyl acetate/hexanes, stain in PMA).
Proof of Stereochemistry. Configuration and stereoisomer ratios were determined by
diimide rerJuction (2-nitrobenzenesulfonylhydrazide (3 equiv),47 triethylamine (6 equiv),
dioxanes (0.1 M), 80 oC, overnight) of the vinyl boronate followed by basic hydrogen
peroxide oxidation (3 M NaOH , HzOz, quench with NazSzOl). The resulting diol was
protected as the acetonide (p-toluenesulfonic acid and 2,2-dimethoxypropane). Racemic
material was prepared from the diboration of I -(propa- 1 ,2-dienyl)-3 -
(trifluoromethyl)benzene as described in the general procedure using
tricyclohexylphosphine. Configuration was established in comparison to authentic
93
material prepared by Sharpless asymmetric dihydroxylation of 3-trifluoromethyl-trans-p'
methylstyr.tre.*t The resulting diol was protected as the acetonide (p-toluenesulfonic
acid and 2,2-dimethoxypropane).
Chiral GLC (p-dex, Supelco, 100"C) 
- 
analysis of acetonide derivedJrom reduction and
axidation af reaction product as descrihed ahove.
Diboration Product Authentic Racemic Diboration Product
& Racemic
q4
2.5.5, Preparation of Rhottum Complexes for Analysis b-v IR.24
Chlorooarhonylbis(tripheny'tphosphine)rhociium and chlorocarbonylbis(tricyciohexyl-
phosphine)rhodium were prepared acsording to literature procedure and spectral data and
analysis of the complexes by MALDI are in accordance with the literatur".'*
2.5.5.L Preparation of trans-[(R,R)-2.4J2Rh(CO)CL In the dry bcx, a 25-u*tL
rcrund-bottom flask was charged with chlorodicarbonylrhodium(I) dimer (80 m.g, {J.2057
mmol). To a separate Ll-mLpear shaped flask was added (R,R)-TADDOLPNIvIez (ft,R)-
2.4 (444.1 *g, 0.8231 mmol). Both flasks were sealed with septa and removed frorn the
glove box. Chlorodicarbonylrho.lium(I) dimer and (ft,ft)-2.4 were dissolved in
anhydrous benzene (1 and 5 mL, respectively)^ Mild heating was required to dissolve
(R,R)-2.4. The solution of (R,R)-2.4 was transferred by cannula into
chlorodicarbonylrhodium(I) dimer solution; CO evolution was immcdiate. The reaction
mixture stirred at room temperature for 30 min, when solvent was removed on the r0tary
evaporator. Residual solvent was removed in vacuo overnight to afford 413.6 rng (93?ir
yield) of a yellow solid.
'FI XMR (500 MI{2, CDCrl3) A 0.4q (6H, s, (CH3)r),0.58 (6H. s, (CH3)z'),223 ll2ll,
t, j = 5.2H2,2 x OI(CHs)z)), 5,42 (2H, d, J: 8.0 FIz, OCH),5.4g (2H, d..l:8.0 Hz.
OCH). 7 .16-7 .36 (28H, m, ArH) ,7 .45 (4H, t, J : 7 "7 Hz, ArH). 7 .54-7 .56 (4H, m, ArH),
7.70-7.72 (4H, m. ArH). t'C NMR (125 MHz. CDCh) 6 26.6 (,2C:),26.9 (2C), 38.5 (4C,
t,Jcp:5.6 Hz),79.3 (2C),7q.5 (.2C1,87.2 (2C),88.1 (2C), 115.1 (2C),126.8 (2C), 126.9
9s
(4C), L?7 ) (.iC), 127.4 (4(.1), 127.V (2C), 17.9 (?C), 128.0 (4C), 128.1 (4C'), 128.4 (](l).
128.7 (4C), 129 0 (.tC), 129.3 (4C:). 3rP 
^"'N{R Q02 MHz, CDCI3) 6 111.6, 118.6. IR
(cl{zclz): 1982 (s), 1607 (s), 1491 (m) 
"m-'. 
MALDI-TOF rvith cAA overlay for
Cr,eHr,sNzOsPzRh calc'd: 1181.35 ru{-Clo-Cll)'" observed: 1181.488 (M-CO-C1)*
2.5.5.2. Preparation of trans-[R,R)-2.ITzRh(CO)Cl. In the dry box, a 25-ml-
round.bottom flask was charged with chlorcrdicarbonylrho,Jium(I) dimer (30 mg. i).0771
mnrol). To a separate 25-mL pear shaped flask was added (R, R)-xylylTADDOLPNMez
(R,R)-2.17 (201.1 mg,0.3086 mmol). Both flasks were sealed with septa and removed
from the glove box. Chlorodicarbonylrhodium(I) dimer and (R,,R)-2.L7 were dissolved in
anhydrous benzene (l m[,). T'he solution of (R,R)-2.17 was transferred by cannula into
the chlorodicarbonylrhodium(I) climer solution; CO evoluti<.rn was inrmediate.' 'lhe
reaction mixture was stirred at room temperature for 5 min after w'hic,h u'hen solvent was
removed on the rotary evaporator. Residual solvent was remove,J in vacuo overnight ancl
the unpurified reaction mrxture was recrystallized frorn pentanes to affbrd 1 l4 rng (i,50oh
yield) of a yellou' solid.
'H NtvIR (500 MHz, CDCI3) 6 0.44 (6II, s. (CH3)),0.54 (6H, s, (CH3)),2.A4 (12I{,
t, uI == 5.2H2,: x rN(CHr)z), 2.21 l:,241,s, Ar-CH 3),2.25 (12H. s, Ar-CH s),2.42 (1?'I'{, s,
Ar-CHr),5.26 (.2H, d, J:7.5 FIz. OCH), 5.64 (2H, d, J: 8.0 Hz. OCH), 6.80 (2H, s'
ArH). 6.82 (2H, s, ArH),6.85 (2H, s' ArH), 6.90 (4H, s, ArH), 6.94 (2H's. ArH),7'07
(.1H, s, ArH), 7.10(4H, s, ArH;, 7.18(411, s. ArH). t3C NMR (125 IvIHz. CDCi3) t-\ 21.5
(4C), 21.6 (4C), 21,7 (4C), 21.8 (4C), 26.5 (2C),27.0 (2C),38.2 (4L:, t, J: 6.3 Llz).,78.2
96
(2C), 79.7 (2C1,88.4 (2C), 86.7 (lC), 115.1 (2C), 125-3 (2CJ, 126.9 (4C:), l?7.2 t6C;)'
12fi.5 (2C), 128.6 (2C), tzg.i i4c), 129.7 (4c), i35.5 (4c), 135.9 (4c), 137.0 (4C;'
62.l (4c), 14r.7 (2c), 142.3 (2c), 143.0 (2c), 144.9 (2C). "P NMR (202 NfIIz,
CDCI3) 6 116.5. 117.5. MALDI-I'OF r.vith CAA overlay for CezHrooNIzOrP:Rh calc'd:
1405.601 (N'I-CO-CIi*, observetl: 1405 .778 (M-CO-Cl)'.
2.5.6. Crossover Experiment
' 
2.5.6.1. Preparation of Pinacol-drz.ze To a l-L 2-neck flask equippeC with a
magnetic stir bar was added flame-dried magnesium turnings (3.08 g, 127 mmol). Under
nitrogen, mercury(Il) chloride (3.45 B, 12.71 mmol) was added, followed by benzene
(500 nr1., 0.025 M). The flask was charged w'ith acetone- d6 rc5.5 mL, 890 mmol) and rhe
resulting mixture was stirred under nitrogen for 24 h at 60 oC. '['he mixture was cooled to
ambient temperature. quenched with distilled water (200 mL) and sr.irreC at 60 o(l for an
additional 3 h. The suspension was extracted with diethyl ethcr and the organic layers
were combined and filtered on a Brichner funnel. The solvent was removed by
distillation to provide a yellow oil which was purified on silica gel (30% ethyl
acelatelhexanes) to afford 2.27 g (13% yreid) of a clear oil. Spec.tral data are in
accordance with those in the literature
2.5"6.2. Preparation of B2(pin-d72)2 was prepared according to literature procedure
rvrthout deviation.2e
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HgC 
.-\ n ,,cH,
HsC j- ".o 
_ ovY-CHr
HaC ;{ ., ",gr_-;.$h3
' H:C CHI
C,oH:r ''-'\.\:. (0 lr eeui,r)
Dso, 
-. 
,CDlD3C--)-L,'o_of-f CD.
DaCT-i -.c-+-.go.
Dec lo.u oo-r'r) "o,
croHzr
2.5t ftloi % Pd2iJba)3
6 nrol % (R,,q)-2.17
*-toiuene (0.f S-frl9, 
'-, 
-*
15 n
f,.5.6.-1. Procedarefor Cross'over Experiment. ln the drv box. a 6-drarn vial with a.
rnagneiic stir,bat was charged n'ith Pd:(dba)z (7.6 mg, 8.3 umol), (R,R)-2.17^ t3.'2 nrg,
It).g pmol). and toluene (2.21 mL,0.15 M). The metal ancl ligancl vrere comp{exed for I
h, at u,hich time r3z(pin): (43 ? mg,0.170 rninol) and Bz(pin-rlt2l?.(46.3 mg,0.166 lrnrol)
were a,lded simultaneously to the reaction mixture. Tridec-1,l.Ciene (6t..1 mg, 0.332
mmol) was then a,Jded and the vial was sealed with a polypropylene cap and electrical
tape, and then removed from the rJry bor. The reaction was stirrerl at room temperature
for'15 h when it rnas concentrated to tlryness. Residual solvent was removcd lnve;:t,to
and the material wad purified by passage through a short column ot silica gel $% eth-"-l
acetate/hexanes). All fractions were pooleci, concentrated. and submitted for LRI\IS-ESI*
f'or C)25HasB2Oa: 'calc'd: 435.3 (M1-i{)-, observecl: .135.3 (M+FI)' For C25H zsl)zaBzOd:
calc?d: 45q.s(M+fD*, observed: 459.5 (M+I{)*. C25FI36D tzBz(}+\ ras not observ.e,J.
98
2.5.7. Synthesis of (R)-2.23'dr
1. xBuli (1 equiv) 
I Oo TMS------H I clHit (lequiv) | T I PDC (1.5 equiv)* jl.
c16H21l'H -- THF Oo M) lc,oHr,-^\rr, I cnrcr2 (1.07 M) ct.Hzt- 
-r-\.
. 
-TMS
L "'- -r 2.24
tr-(Trimethylsilyl)tridec.l-yn-3-one 2.24.3c To a 25-mL rcrind'bottom flask equipped
with magnetic strrbar and sealed with a septumo was added trimethytsilylacetvlene (1 mL'
7 07 mmol) and THF (a.a mL). T'he flask was cooled to 0 "(l (ice-water bath) and
charged with 1.54 M nBul,i (4.59 mL). After stirring for 30 min at 0 oC, undecanal was
added slowly over 30 min and the reaction was allowed to stir at 0 "C for an additional 60
min. The reaction was quenched with water ( 1 0 mL) and extracted with ethyl acetate (3
times). The organic layers were combined, washed with 0.5 M hydrogen chloride,
saturated sodium bicarbonate, and brine. Organic ertracts were dried (MgSOa)" fiitered,
and concentrated on a rotary evaporatcrr to afford 1-trimethylsilanyi-tri-dec-i-yl-ol whioh
w'as immediately used in the next step.
pDC Oxidation: To a septum-sealed 100-mL round-bottom flask with a magnetic stir
har and 4A MS (1.27 g) was added CHzClz (10 mL, l.0l M) and p1'ridinium dichromate
(3.gS g). In a separate flask, the unpurified material from above''uvas dissolved in CtIzClz
(4.4 mL) and transferred by cannula into the reaction flask. Atter the reaction stirrect for
16 h, it was diluted with diethyl ether and filtered over celite. The filtrate was
concentrated to afford a clear oil, which was purified by silica gel chromatography (2%
ethyl acetate,/hexanes) affording 1.17 g (62ot6 yield) of a clear oil.
99
o tH NMR (400 Ir,IHz. ctrch) f 0.24 (9H, s' ((JH3)rsi). 0.s.5 (3H. r,i!
c16Hi1/*'\
--rMS 
-/: 6.g Hz, cH3cHz l, l.z4-l .27 (14H, m, br, (cHr1r1, 1.63 (zH,!.",! :2.24
7.2 Hz, CHzCHzCO), 2.52 (2H, t, J : 7.4 Hz. CHzCHzCO). t'C NMR (100 MHz,
cDCh) E -0.67 (3C), 14.2,,22.8.24.0,,29.0,29.4,29.5.29.6,31 .9,97.5, 702.',z, 188.0. lR
(neat): 2g42(s),2843 (s),2148 (m),2089 (w), 1681 (s), l45g(s), 1.104 (w). i24lis) cm-r.
LRMS-(ESh-): for CreH:oNaOSi calc'd: 28g 2 (M+Na)*, observeci: 289.3 (M+Na)".
Purification: silic a gel with 2o,4 ethyl acetate/hexanes as the eluant afforded' 1.17 g (620/a
yield.l of a clear oil. Rr:0.45 (10% eth.vl ac,etatelhexanes, stain in PMA )
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'PrOH (0.1 M)
2.24
(S)-l-(Trimethylsilyl)tridec-1-yn-3-ol.3r To a 100-mL round-bottom flask with
magnetic stir bar was adcled 1-(trimethvlsilyl)-tridec-1-yn-3-one (1 g, 3.76 mmol; in
isopropan ol (37 .6 mI-). Next. R,r[( 15,25)-p-tsNCH(C6Hs)CH((l6FI5)NHl(q6-p-cymene)
(112.6 mg, 0.187) was added. The reaction was stirred for 16 h after rvhich time the
unpurified reaction mixture was concentrated, and purified on silica gel to afford 1"00 g
(91% yield. 98% ee) of a clear oil.
eH 'HNMR (400 MHz" cDCt3) 6 0.15 (9H, s, si(cH3)-r),0.86 (3H, t,J:
c'oH"/\- A 'T H- r-rr-aTJ^r-IJ^\ 1)L (r/, rf s hr
eB%ee rMs 6.7 z, CHrCHzgHz), 1.24 (14 H' s, br, (CHz)z), l.3B-1.44 (2H, m,
CIIzCHzCHOH), 1.63-1.69 (2H, m, CHzCH2CHOH).2.20 (1H, s br, OH), 4.32 (1H, t, -/
= 6.6 Hz, CHOH). t'C NMR (100 MHz, CDCI:) 6 -0.008 (3C), 14.2,22.8,25.2,29.3,
29.4,,29.6,29.7,29.8. 32.0, 37.8, 62.9, 89.2, 107.2. IR (neat): 3315 (s), 2935 (s), 2859
(s),2164 (s), 1453 (s), 1399 (rn), 1252 (s) cm-r. LRMS-(ESI+;: for CroI{:rNaOSi calc'd:
290.2042 (M+Na)*, observed: 2g1.3 (M+Na)+. Purification: silica gel with 5% ethyl
acetatelhexanes as the eluant provided 1.00 g (91% yield, 98oh ee) of a clear oil. Rr :
0.45 (10% ethyl acetatelhexanes, stain in PMA).
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acetate derived fi'om
as described ahove.
ysis of
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Chirat GLC ({l-dex, Supelco, 140 oC) anal.
deprotection and alcohol piotection of the reaction
Determination of Enantioselectivity . []re trimcth.vlsilyl gi'oup of (S)- 1-
(trimethylsilyl)tridec-1-yn-3-ol was deprotected with potassium carbonate (l equiv) in
methanol (1.0 M). The hydroxyl group was then protected using acetic anhydride (1.2
equiv), triethylamine (3 equiv), and 4-dimethy'laminopyridine (cat.) in dichlorome+hane
(0.25 M). The enantiomerically enriched material was compared to racemic product.
TIVTS
Racemic Chiral Propargyl Acetate
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Current Data Para[eters
NAI{E h€b2-258
EXPI|O 7PROCNO 1
F2 - Acquisition Parar€tersDare_ 20050511
TiEe 20.06INSTRUI'I apect
PROAIID 5uHR13c/31
PULPROG zgpg3o
TD 55536SOI.VEFT CDCI3
NS 110
DS2
swH 261?8.010 Hz\\\lry | FIDRESAQRG
Dt{
DE
TE
D1
all
dL2
0.399{45 Hz
1.25178?5 se<
13 001
19.100 us€
32.36 usr
300.0 x
1.00000000 s€{
0.03000000 ee<
0.00002000 sec
====:=== cItANlfEIJ fI ======-
NUCl
P1
PL1
sFol
13c
7.25 us€
0.00 ds
100.5418135 llHz
CPDPRG2
r&rcz
PCPE2
PL2
DTJL?
PL13
sFo2,
CHAIINEL f2 ======:
ra1tg16
1U
90.00 us€
-3.00 d3
18.90 dS
22.00 
.d8399.8015992'HIlz
F2 
- Processing paraneeers
sr 65536
sF 100.5297?70 r{HafDI{ no
ssB 0
o,
SiMe3
1l- 0 100 90 BO 70 50 50 40 30 20 L0
-l_0
QH
,r^--(JtnHtt' \\-
TMS
K2CO3 (1 equiv) gH
croHzf-\MeOD (1 M)
-D
(,9)-l-Deuteriotridec-l-yn-3-o1.31 To a 50-mL,round-bottom flask with magnetic stir bar.
was added (S)-1-(trimethylsrlyl)tridec-l-yn-3-ol (2.23 B, 8.31 mrnol) in nrethanol-OD
(8.-t mL). Potassium carbonate (anhydrous) (1.13 g, 8.31 mmol) was added under
nitrogen. After rhe reaction stirred for 3 h. it was quenched with water and diluted with
ethyl acetate. The aqueous layer was \&'ashed twice with ethyl acetate, then the organtc
extracts were combined and washed r.vith brine and dried (MgSOa). The organic layer
lvas filtered over Celite and concentrated on a rotary evaporator. Ihe reaction mixture
was purified on silica gel ( 10% ethyl acetate/hexanes) to afford 1.54 g Qa% yield) of a
vvhite solid.
QH tH NMR (400 MHz, cDCl3) 6 0.85 (3H, t, J:5.8 Hz, cH3cH2), 1.24
croHzr--\
-D (14H, m, (cHz)r), l.4z (2H, m, cHzcHzcHoH), 1.68 (2H, m'
cHzcHzcHoH), 2.53 (1H, s, OH). 4.34 (1H, t,J:6.8 Hz. CHzCHOH. "C NMR (100
MHz, CDCI3) 6 14.2, 22.8, 25.1, 29.3, 29.4, 29.6, 29.7, 29.8, 31.g, 37 .7, 62.3 (1C, 3Jcn:
2.3 Ht),72.6 (1C, tJcn:38.1 Hz),84.8 (1C, tJro:7.2 Hz). 'H NMR (61 4 MHz,
CHC|3) 6 2.45 (1D, s, CCD). IR (CHzClz): 3364 (s),2952 (s). 28a3 (s). 2593 (s), 1980
(s), 1632 (w), 1464 (s) cm-'. LRMS-(ESI+; for CrsHz:f)NaO calc'd 220.1 (M+Na)*,
observed 220.1 (M+Na)-. Purification: silica gel with l0% ethyl acetate/hexanes
afforded 1.54 gQa% yield) of a white solid. Rr :0.21 (10oA ethyl acetate/hexanes, stain
in PMA).
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deuEerium Current Daia ParameEersNAUE heb3-{0
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F2 
- 
Acquisition Para.neEers
Dare_ 20060627
TiDe 10.43
INSTRUI{ spect
PRoBIID 5nn ONP 1H/13CPULPROG zg?h
TD 4095
soLvEr{T cDcl3
NS8
DS2
SifH 913 .743 Hz
FIDRES 0.223Q82 Hz
AQ 2.2419283 sec
RG 512
Dl{ 5{?.200 usec
DE 6.00 usec
TE 293 .0 K
Dl 1.00000000 secd1l 0.03000000 sec
D20 0.20000000 sec
CHANNET, f1 ========
NUCl
PI
PLl
sFol
2H
4100.00 usec
-3.00 dB
61.{105050 ulrz
F2 
- 
Processing pararneters
sr 15384
sF 61.4100502 uHz
l{DW no
ssB 0
Ol
<ir
1
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I
I
\o
":
t--
I
8.5 8-0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4-0 3.5 3.0 2.5 2.0 1.s 1.0
QH
c1oH21'--\-
-D
? r-r
f..V,.f N-NHZtl lo (1.3eqr.riv;\?' -NOz
DEAD (1.3 equrv)
PPhir (1.3 equiv)
THF (0.08 M), - 40 oC
c,oHzrA.1...D
H
,T);ir?';S'
90% D incorporatron
(fi)-l-Deuteriotridec-I,2-diene (R)-2.23-d,.''' To a Z-neck 100-mL rounrJ-bottom flask
with a magnetic stir bar, was added triphenylphosphine (1.01 g, 3.86 mmol) in T'FIF (12
mL). This was cooled to -40 oC (ethylene glycol:ethanol. dry ice) and diethyl
azodicarboxylate (607 pL,3.86 mmol) was added slowly. The reaction stirred for 15 min
at -40 uC rvhen the labeled alkyne (586 mg, 2.66 mmol) was transferred by cannula as a
solution in THF (9.1 mL). After an additional 15 min at -40 nC, o-
nitrobenzenesulfonylhydrazine OiBSH, 838 mg, 3.86 mmol) was added as a solution in
THF (12 mL). The reaction was stirred at -40 ocj for an additional 2 h, then it was
allorn'ed to gradually warm to ambient temperature and allowed to stir overnight. The
unpurified reaction mixture was concentrated, dissolved in methylene chloride and
purified on silica gel (pentanes) to afford 263 mg(50V'o yield) of a clear oil.
croHr, -^\'\.,'D
t
H
lRl-2.23-d1
>95% ee
90% D incorporation
J: 7.2, 6.8 Hz,
29.5, 29.6, 28.9,
cHCl3) 6 4.68.
'H NMR (400 N{Hz, CDCI3) 6 0.90 (3H, t, J : 6.8 Hz, CHTCHz), 1,29
(14H, s. br, (CHz)z), 1.38-1.45 (2H, m, CHzCHzCH),2.00 (2H,9d,J =
7 .2, 7 .2, 7 .7 , 3 .0 Ha CHzCHzCH), 4.65-4.62 (111. m, CHD), 5.09 ( I H, q,
cH2cHC). t3C NMR (100 MHz, CDCI3) 6 14.2, 22.9,29.5.29.3,29.4.
3?.1,74.4 (1C, t, tJco: 25.6 Hz),90.3 ,,2A8.73. 'H NMR (61.4 MHz,,
IR (neat) 2962 (s\,2924 (s), 2848(s), 1958 (s), 1458 (s), 1 372 (m) cm '.
111
I{RMS-CI CiCiMS: for CriI{r:D calc'd lBl.194
Purification: silica gel with pentanes atdorded 263 ng
0.92 (pentanes, developed wtth KMnO+).
(M*), ctrserved
(56% ),ield) cf a
1g 1 193 (M").
clear oil. ftr :
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current. Data Parameters
NA!{E heb3-44
E:KPNO 5
F2 - AcquisiEion ParanetersDate_ 2005062?
Time 21.05
INSTRUU specc
PROBLTD 5!m QNP 1t{/13CPULPROG zgzh
TD 4095
SOI,\IENT CDCI3
8
z
913,7<13 Hz
0.223082 Hz
2 .2419283 sec
512
547.200 usec
5.00 usec
293.0 K
1.00000000 sec
0.03000000 sec
0.20000000 sec
NUCl
P1
PL1
sFol
ZB
,il00.00 usec
-3.00 dB
51.4105050 MHz
Processing parameters
1 6384
51. r!100589 trHz
no
0
Ol
@
?
@
t
r-l O
tr- \O
': 
t:
F- t-'||/\,
I
I FIDRES
AQ
D1
dl1
D20
NS
DS
swH
RG
Dl^t
DE
TE
F2
SI
SF
trlDgl
ss3
CHANNEL f1 ======-=
(n
8.5 8.0 7 .5 1 .0 6.5 6.0 5. s 5.0 4.5 4.0 3.5 3,0 2.s 2.0 1.5 1.0 ppm
r-
2.5.7.1. EnantiopuriQ determination of (R)-2,23-dr" To a 1-dram vial was added
ytterbium tris [3 -(hepta fluoropropylhydroxymethylene)-(+)-samphorate] (Ybt hfc ):r,] Q3 .4
ffig, 0.0 i 9 mmol) and 1,6,6,7 ,i ,8,8-heptafluoro-2,2-dimethyl-3.5-octandionato.lsilver
tAg(fod)) (8.0 mg,0.019 mmol). To this was added 750 pL of CDCIr and decy! allene
(5.8 mg, L).0321 mmol). tII NMR of the reference unlabeled decyl allerre is bel,rw. T'he
signals at 6 5.0 and 5.5 ppm conespond to the two terminal prctons on the allene. ;i
snrall amount of protonation was observed rn (R)-2.23-dr (6 5.2 ppm).
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Current Data Par\-et.ers
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Processing para.[eters
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no
0
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{
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Iheb3-52- Cur|en! Data ParametersNAME hebS-52
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PROCNO 1
F2 - Acquisition Paramecers
Date_
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INSTRUM
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2.5.8. Dihoration of (R)-2.23-d p
in the dry box , a 7 -dram 'u'ial equippecl with e magnetic stir bar was charged with
Pdz(dba), (4.0 mg, 0.0043 mmol) and (R,R)-xylylTADDOLPNMez (&lt)-2.t7 (6.6 mg.
0.010 mmol). To this was added 300 pL of toluene-d6. The metal/ligand mixturc stirred
for t h at u'hich time Bz(pin)z (46.3 mg, 0.1824 mmol) was added followcd by (fr\-2.23-
& (27 .5 mg, 0.152 mmol). The reaction mixture was transfe.rred to an oven-dried .I-
Young tube and diluted with the remaining 700 pl. of toluene-dp. The reaction u'as
monitored by tH XIrrtR every 17 min. After completion of the reaction, solvent was
removed in vacuo and the unpurified material was purified on silica .gel (2% ethyl
acetatelhexanes) to afford 45"5 mg (68% yield) of the labeled product.
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2.5.9. Racemization Experiment with (R)-2.23-d1. In the dty boxu a 2-dram viai
equipled with a stir bar was charged with Pdz(dba): (3.5 nlg,0.0038 mmol;, (rt,rt)-
x.r'IyITADDOLPNMez (R,R)-2.17 (6 mg. 0.0091 mmol), and toluene (1 ml). The
rnetallligand mixture complexed for t h at which time (,R,^R)-2.23'dr (27 5 mg, 0.152
mmol) was adcled. The vial was sealed with a polypropylene cap and removed from the
glove box. After t h, solvent was removed in vacuo and the unpurified reaction mixture
was purified on silica gel qpentanes) to afford 7 .4 mg (27%) of the recovered allene.
Spectroscopic analysis with Yb(hfc)3 and Ag(fod) indicated that the allene has racemized
under the reaction conditions in the absence of B2(pin)2.
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a9CgHrs NaHMDS (1.4 equiv) \^,A-CsHrs
rHF (0.35 MI -t8€: o\ i j'.
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\ 
^,1-...-csHreqi:
1Me
Ph
(^$-a-Benzyl-3-((^S)-2-methylundecanoyl)oxazolidin-2-one. s0 1H
NMR (400 MHz, CDCI3) 6 1.00 (3H, t, J -- 6.8 Hz, CHzCHT), 1.35 (3H,
d. J:6.8 Hz. CH3CI{), 1.39-1.56 (14H, m, (CII2)z), 1.50-1.56 (1H, ffi,
(50) Ghosh, A.K.; Gong, G. J. Am. Chem. Soc.2004, 126,3704-3705.
2.5.10. Synthesis of fs/-4-Methyl-trideca-1,2-diene 2.25.
oo\\ llol'f-*
"}
Ph
2.26
In the clry box, to a 50-mL pear-shaped tlask was added NaHIVIDS (4,378 g,25.23
mmol). 'Ihe flask was removed from the dry box and NaHMDS was dissolved in THF
(25 mL). To a separate 100-m[. round-bottom flask with magnetrc stir bar was added -1-
benzyl-3-undecanoyl-oxazolidin-2-one 2.26 (6.200 g,8.027 mmol), this was dissolved in
THF (25 mL) and the flask was cooled to -78 uC (dry ice and isopropanol). The reaction
stirred for 10 min before it was charged with the 1 M solution ofNaHMDS. I'he reaction
stirred rt -78oC for 1.5 h at which time methyl iodide (5.6 mL, ,8g.74mmol) was aclded.
The reaction continued to stir at -78 oC for 3 h when it was quenched with acetic acid (10
mL) and warmed to ambient temperature. The reaction was diluted with water and ethyl
acetate, and the aqueous layer was extracted 3 times with ethyl acetate. The organic
layers were combined, dried (MgSOa), and filtered over Celite. The organic solution was
concentrated and purified on silica gel ( 1 0% ethyl acetate/hexanes) to afford (,.1-+-
benzyl-3-((,9)-2-methylundecanoyl)oxazolidin-2-one as a clear oil (5 .117 g, 800/o yield).
132
CI{CHAHB) 1.85-1.90 (lH. m, CI{CI{AHB),2.90 (lH' dd, J: i3.:, q.5 Hz. CHaI{sPh)'
3.38 (1H, dd, -r: 13.2,2.4 Hz, CHatIsPh), 3.81-3.86 (1H, m, COCH)' 4"26-4.31 (2H. m'
ocHzcH ),4.76-4.79 (1H, m, CFIzCHN. 7.32-7.46 (5H, m, Ar-H). '3C irilvlR (100 NlIIz,
cDCl3) 6 14, l, 17.4,22.6,27.3,29.3.29.5, )9 6.31.9,33.4, 37 .7,37 .8,55.3, 65.9" l2-r '.3'
128.8, 129.1.135.4, 153.0. 117.3 IR Ineat): 3538 (w), 3359 (wi, 3028 (.s\,2q62 (-s), 1779
(s), 1708 (s), 1,158 (s) cm-r. LRMS-(ESI-r-): for C)22H33NNaO3 calc'd 382.7 1M-r-Na)*,
cbserverJ: 382.3 (M+Na)*. Purification: silica gel with l0% eth-vl acetatei:lhexanes
aflbrrled 5 117 g (80% yield) of a clear oil. Rr: 0.53 (10% ethyl acetate,/hexanes. tiV
active).
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LiBH4 (2.0 M in rHF)
--- 
(2 199!lU--> Ho-^--<c.gHrg
MeOH-(2.2 equiv) rrle
rHF (0 2 M)
o oc 2.27
To a 250-m[, round-bottom flask with magnetic stir bar was added (^9,)-a-benzvl-']-
((S)-2-methylundecanoyl)oxazolidin-2-one (3.500 g, 9.819 mmol) in THF (4t) mL,. A.2
lv{). Methanol (874 pL,21.6 mmol) was added and the flask was cooled to 0 oC (ice-
water bath). The reaction mixture stirred for 10 min at which time it was charged with
LiBru (2.0 M in THF, 10.8 mL). The reaction stirred for 3 n at 0 oC, when it was
quenched r.ith 10% NaOH and diluted with dichloromethane. The reaction was warmed
to ambient temperature and the aqueous layer was washed three times with
dichloromethane. The organic extracts were combined, washed with brine, dried
(NazSO+), filtered, and concentrated. The resulting oil was purified on srlica gel ( l0%
ethyl acetatelhexanes) to afford 269 mg (90% yield) of (,f)-2-methyl-undecan-1-ol as a
clear oil.
,-,o'1''csHrs (O-2-Methylundecan-l-ol (2.27). 'H NMR (400 MHz, cDCl3) 6 0.g5
frle
z.2T (3H, t, J: 6.8H2, CH2CHj,,0.87 (3H, d, J:6.4 Hz, CH3CH), 1.06 (1H, q,
J : 9.3 Hz, CHCHAHBCH2) 1.23-1.39 (14H, m, (CHz)z), 1.38-1.39 (1H, m,
CFICHAH3CHz), 1.56 (1H, m. HCCH:),2.14 (lH, br s, OH), 3.34 (lH, dd.-/- 10.4,6.4
IIz. IIOCHAHBCH), 3 46 (1H, dd, 
-I: 10.6, 6.0 Hz" HOCIIAHBC:H). r3C NMR (100
MHz, CDCI3) 6 14.2, 16.7 , 22.8, 27 .1, 29.5. 29.7 , 29,8, 30.0, 32.A, 33.3, 35.9, 68.4. IR
(neat): 3337 (br), 2924 (s),2848 (s), 1a58 (s) 1371(m) cm-r. LRMS-(ESI+): for Cr:I{zzO
oo
^\*- 
[-.--cgHrs
\)t-
aMe
Ph
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calc'd: lB7 -2 (i\4+1q-. observed:
acelatelhexanes afforded 269.2
acetate/hexaues" stain in PMA).
Puritication: silica gel with l{l!,io etlr.'l
crf a clear oil. Rr -- A.2? (1070 ethy'l
1 87.1 (.M*I{)' .
mg (90% vield t
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Ho^<C'H''n
Me
2.27
lEAe G-€Jgl-%L-
NMO (1.5 eouiv), 4A MS
CH2C|2 (0.25 M), rt
o
tl
H-\, Cel{,s
Me
To a 100-mL round-bottom flask with 4A molecular sieves was addecl (S)-2-methyl-
undecan-1-ol 2.27 (1.020 g,5.474 mmol.) and CHzClz(22 mL). l'o this was added NN{O
(961.0 *g, 8.211 mmol). The reaction stirred for 15 min at roorn temperature beferre
TIrAP (48.9 mg,0.1368 mmol) was added under nitrogen. The reaction vvas complete
within t h, sieves were removed by filtration over Celite. and solvent was removed by
rotary evaporation. The unpurified reaction mixture was purified on a silica plug (8%
ethyl asetatelhexanes). (S)-2-Methylundecanal was used immediately.
9 /D-2-Methylundecanal. tH NMR (500 MHz, CDCI.) 6 0.90 (3H, t, J:
*A-.can1n 
\L
=Me 6.9 Hz. CHTCHz), 1.12 (3H d, J -- 6.9 Hz, CHTCHCI{O), I.24-1 .3!) (14H. m,
(cHz)z), l.69-1.73 (2H. m, CHCHz), 2.33-2.35 (1H, m. CHCH2).,9.63 (lH, d,J: l.9Hz,
cHo). t3c NMR (125 MH4 CDC13) 6 13.5, r4.3,22.9,27.2,29.5,29.7 ^29.8.29.9,30.7,
32.1,46.5, 205.7. IR (neat):2917 (s), 2854 (s), 1706 (s), 1469 (s), 1381 (m), i230 (tn)
c*-r. MS-EI: for CrzHz:O calc'd: 183.1749 (M-H)*, observed: 183.1742 (M-H)-.
Purification: silica gel plug with 8% ethyl acetate/hexanes as the eluant. Rf - 016 (10%
ethvl acetate,/hexanes, stain in PMA).
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To a 50-mL round-bottom flask was added (trimethylsilyl)acetylene (843 pI.,., 5.96
mmol) and THF (10.8 mL). The reaction was cooled to 0 oC (ice-water bath) and nBul.i
(1.45 M,4.1 mL,) was added. The reaction stirred for t h at 0 oC and it was charged with
(-$-2-methylundecanal as a solution in TIIF (5 mL). The reaction stirred at 0 oC fcr 2 h.
when it was diluted with r.vater and ethyl acetate. The aqueous layer was extractecl three
times with ethyl acetate. The organic layers were combined, washed with brine, dried
(.NazSO+), filtered, and concentrated. The unpurified reaction mixture was purified on
silica gel (2-5Yo ethyl acetatelhexanes) to afford 886 mg (5S9./o yield, over 2 sleps) of
(4.!-a-methyl- 1 -(trimethylsilyl)tridec- I -yn-3 -ol as a clear oil.
gH (4^S)-4-Methyl-1-(trimethylsilyl)tridec-1-yn-3-ol. Diastereorner
ZU,v-CgHrgMe3si-' Me #1 : rH NMR (500 MHz, CDCI3) 6 0.17 (gH" s, (CH3):Si), 0.Sg (3H, t,
J:7.0 Hz, CH3cHz),0.98 (3H, d,J:6.5H2, CHscH),1.26 (14FI, m, br, (CHr)z)' 1.48-
1.56 (2H, m, CHzCH), 1.65 (1H, d" .I: 6,0172, CHCH3),4.21-4.25 (lH, m. HOCH), t'C
NMR (125 MHz, CDCI3) 6 0.05 (3C), 14.3,14.8, 22.8,27.1,29.5,29.7,29.8,29.9,3?,.0,
32.1,39.3, 67.3.90.1', 105.6. Diastereomer #2:tT,l,NMR (500 MHz, CDCI3) 6 0.17 (gH,
s, (CH3):Si),, 0.88 (3H, t, J : 7 .0 Hz, CH:CHz), 0.9g (3H, d, J -- 7 .0IIz, CH3CH), 1.26
(14H, m, br, (CHz)z), 1.66-L72 (2H, m, CHzCH), 1.70 (1H, d,,I: 6.0 Hz, CHqH:),
4.21-4.25 (1H, m, HOCH). 
"C NMR (125 N{Hz, CDCI3) 6 0.05 (3C), 14.3, 15.0. 22.g,
27.2,29.5,29.7,29.8,29.9,32.0,, 32.6, 39.5, 67.5,90.5, 106.2. IR (neat): 3345 (.s),2923
r43
(s), 2854 (s), 2168 {'s), 1169 (s), 1255 (s) crn
2E1.2295 (M-H)*, observed : 281.2298 (l\4-H)*.
acetatehexanes afforded 885 mg (58% ,vield,
(trimethylsilvl)tridec-1-yn-3-ol as a clear ,.ril. Rr :
in PMA).
-r 
. HRMS-EI: ior C r zll:r(lSi calc'il:
Purification: siiica gel .vith 596 ethvl
over 2 steps) of (4S)-4-methl l- 1-
0.56 (10% ethyl acetate/hexanes, stain
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To a 100-mI- round-bottom flask was added (4.D-4-methyt-1-(trimethyisriyl)iridec-1 -
yn-3-ol (1.13 g, 3.99 mmol) and methanol (20 mL). Potassium cartronate (6117.8 mg,
4.399 mmol) was added under nitrogen and the reaction stined for 
-l h at which it wa-s
diluted with water and ethyl acetate. The aqueous layer was \i/ashed three times with
ethyl acetate and the organic layers were combined and washe,J with brine. The organic
layer was dried (MgSO+) and filtered over Celite. Solvent was removed by rotarv
evaporation and the unpurified reaction material was purified on silica gel ( I0% ethyl
aoetalelhexanes) to afford 606 mg of (a$-a-methyltridec-1-yn-3-ol as a clear oil (7?%
yield).
(40-4-Methyltridec-l-y'n-3-ol. Diastereomei #l: 'H NMR (_500 MHz,
CDCI3) 6 0.88 (3H, t, J : 6.5 Hz, CHzCHT), 0.99 (3H, d, J : 7.0 Hz,
CH3CH),1.26-1.36 (14H, m, br, (CHz)z), 1.37-1.48 (2H, m, CH1;Hz), 1.52-1.75 (lH, m,
CHCH3),2.44 (1H, d, J: 3.5 Hz, HCC), 4.26 (1H, dd. J: 5.0, 2.0 Hz,I{QCH). ttc
NMR (125 MHz, CDCI3) 6 14.3 , 14.6,22.8,27.1^ 29.5,29.8.29.9,30.0, 31.9. 32.6,39.2.
66.8, 73.6,83.5. Diastereomer #2: tH Ntr,tR (500 MHz, CDCh) 6 0.88 (3H, t,J:6.5 Hz,
CHs), 1.00 (3H, d,J:7.0Hz,CH3CH),1.26-l .36 (14H, m, br, (CHz)z), 1.37-1.4g (ZH,
m, CHCHz), 1.52-I.75 (1H, m, CHCH3) ,2.45 (1FI. d, J : 3 Hz, HCC), 4.29 (1H, dd, .,I:
5.2,2.2 Hz, HOCH). t'C NMR (125 MHz, CDCI3) 6 14.3. 15.0, 22.g,27.2,29.5,29.g,
29.g,30.0, 32.0, 32,6,39.4.66.g,73.g,84.2. IR (neat): 3307 (s,),2923 (s), 2860 (s), 1463
OH
) ''-,cntl',n;7' :H- Me
CsHrs
117
(s), 1381 (s). 1029 (s) cm-r. HRIVIS-DARf (Nl{4On: for Cr+FI:cNO calc'd: Z?g:2327
(M + NH+)', observed: 228.2319 (M + NH+)*. Purification: silica gel wittr 5% ethyl
acetatelhexanes afforded 606 mg (72% yieltl) of a clear oil. Rr: 0.36 (100/,0 ethyl
acetate/hexanes,, stain in PN{A).
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To a 3-neck 100-mL, round-bottom flask was added triphenylphosphine (982 mg,
3.74 mmol) and tetrahydrofuran (12 mL, 0.33 M). The flask was cgoled to -40 oC (dr,v
ice and ethylene glycol.t and diisopropyl azodicarboxl,late (737 ffiL, 3.74 mmal) was
added. The reaction mixture stirred at -40 oC for 15 min, when (.!-4-methyl-tridec- l -yn.
-3-ol (606 mg, 2.88 mmol) in tetrahydrofuran (9 mL) was transferred by cannula into the
reaction mixture. After an additional 15 min at -40 oC, o-nitrobenzenesulfonylhydrazine
(813 mg, 3.74 mmol) in tetrahydrofuran (12 rnl-) was transferrerl by cannula into the
reaction. After 2 h at -40 oC, the reaction was slowly warmed to ambient temperature a1d
stirred overnight. The unpurified reaction mixture was concentrated on a rotor.ap and
purified on silica gel (pentanes) to aflbrd 230 mg (53% ee, 41910 yield) of a clear oil.
Gt.C analysis of the reaction product is illustrated in sectio n 2.5.9. 1 .
o../,.--ce+rc 
(^y)-4-Methyl-trideca-1n2-diene (2.25\. 'H NMR (500 N{Hz, CDCI3) E
Me 
0.88 (3H, t, J : 7.0 Hz,cHscHz), r.00 (3H, d, J : 7.0 Hz,cH3cI{), I 26-
2.25
1.32 (14H, m, br, (cHz)i,2.10-2.15 (1H, ffi, CHCH3), 4.66 (^2H, dd, 
-r : 7.0,3.0 Hz,
HaHnc), 5.05 (1H, q,, J:7.0 Hz, cHCCCH2). t'c NMR (125 MFIz, cDCl3) 6 i4.2,
20.5,22.9,27.3, 29.5, 29.7,29.9, 29.9, 32.0,33.0. 37.3, 75.4. 96.3,207.6. IR (neat):
2961 (s),2936 (s), 2860 (s), t95a (m), t463 (m), gaO (m) cm-'. HRt\4s-EI: for c,+Hzo
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calc'ci: i94.202q (M+). observec: lg4.?0j4 $,I+1. purification: 511iga gel with pentanes
affeirded 230 mg (41y'o f ield) of a clear oil. Rr:0.90 (pentanes, stain in KMnO+).
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2.5.10.1. Racemization Experiment with (8-a-Methyl-trideca-1,2-diene 2.25. In
the dry box, to a 6-dram vial was added Pd2(dba): (5.8 
-g,0.0064 mmol) and (ft,ft1-2.17
(10.0 mg, 0.154 mmol) in toluene (1.71 mL). The metal and ligand were allowed to
complex for t h when 2.25 (50 mg, 0,2572 mmol) was added. The reaction mixture was
removed from the glove box and stirred ficr t h when solvent was removed in vacuo. The
unpurified reaction mixture was purified on a silica gel plug (pentanes) and 38.2 mg
(76%) of ($-a-methyl-trideca-1,2-diene was recovered and analyzed by chiral GLC.
There was no indication of racemization observed after a reaction time of I h. The
procedure was repeated with a reaction time of l6 h and racemization w,as no1 observed.
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Chiral GLC (F-dex, Supelco, 95 "C)-- analysis of (S)-4-methyl-trideca-1,2-diene.
Racemic (.y)-2.25 (o-2.25 (O-2.25
attime:1h attime: 16h
ts6
2.5.11. Kinetic Studies for Allene Diboration
2,5,11.1. Preparation of capillary tubes contuining 1,3-dimethoxybenzene. A stock
solution of l,3-dimethoxybenzene (100 FL, 0.7635 mmol) in toluene-d6 (5 m[,) was
prepared. A 6-inch22 gauge needle attached to a 100 pL gas-tight syringe was used to
transfer 70 pL of the stock solution to a capillary tube. Each capillary was flame-sealed
and its accuracy checked by 
'H NMR against a stock solution of tridec-1,2-diene.
2.5.71.2. Initial Rate Studies with varied [82@in)2J.
Preparation of stock solutions. All operations were performed in the dry box, all
glassware was oven-dried overnight prior to use, and gas-tight microliter syringes wcre
used for all operations. Stock solutions were prepared immediately before use.
Tridec-l,2-diene solution: To a 6-dram vial was added 405.3 mg(2.217 mmol) of tridec-
1.2-diene and this was diluted with toluene-d1 0.5 mL).
Catalyst solution: To a 6-dram vial was added Pd2(dba): (11.8 
-g, 0.0128 mmol), (rtfi)-
2.17 (18.8 mg, 0.0288 mmol), and toluene-d1 (a mL). This mixture was allowed to
incubate for t h prior to use.
Bz(pin)z solution: To a 6-dram vial was added bis(pinacolato)diboron (457.7 mg, 1.802
mmol) and toluene-d6 (3 mL).
Kinetic Runs:
[82(pin)21 : 0.45 M: To a J-Young tube was added 200 pL of the catalyst solution. To
this was added I 00 pL of toluene-ds and 1.5 mL of B2(pin)2 solution. The J-Young tube
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was sealed with a Teflon cap and inverted several times. The Teflon cap was removed,
the flame-sealed capillary inserted, and 200 pL of tridec- 1 ,2-diene solution was added.
The J-Young tube was sealed with the Teflon cap and inverted several more times.
[82(pin)21 : 0,30 M: This experiment was conducted as above except that I mL of
Bz(pin)z solution and 600 pL of toluene were employed.
[B2(pin)zl = 0.15 M: This experiment was conducted as above except that 0.5 mL of
B2(pin)2 solution and I . 1 mL of toluene were employed.
Results. Single-pulse 'H NMR was utiltzed to measure the formation of product (in
comparison to the internal standard) versus time.
Initial Rates for B2(pin), Trial 1
0.07 ,
0.06 l
3 oos i
I 0.04 I
€ o.os ,O!I o.oz .
0.0'l .
nU
Time (min)
Figure 2.S1. Initial Rates for B2(pin)2 Trial 1: Catalyst Loading: 0.2
and 0.48 mol Yo (R,R)-2.17
mol 04 Pdz(dba):
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lnitial Rates for Bz{pin), Trial 2
Figure 2.S2. Initial Rates for B2(pin)2 Trial 2: Catalyst Loading: 0.2 rnol oA Pdz(dba):
and 0.48 mol oA (R,R)-2.17
Initial Ratesfor B2(pin)2 Trial 3
Time (min)
Figure 2.S3. Initial Rates for B2(pin)2 Trial 3: Catalyst Loading: 0.5 mol % Pdzdba3 and
1.2 nrol % (R,R)-2.17
2.5.11.3, Initial Rate Studies with vnried [AlleneJ.
Preparation of stock solutions. All operations were performed in the dry box, all
glassware was oven-dried overnight prior to use, and gas-tight microliter syringes were
useC for all operations. Stock solutions were prepared immediately befote each kinetic
run.
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Tridec-1"2-diene solution: To a 6-dram vial was added 324.4 mg (1.799 mmol) of tridec-
1,2-diene and this was diluted with toluene- ds G mL).
Catalyst solution: To a 6-dram vial was added Pdz(dba)3 (2.0 mg,0.0131 mmol), (rt,^R)-
2.I7 (19.8 ffig' 0.0303 mmol), and toluene-d6 g mL). The metal and ligand were
incubated for I hour in the dry box prior to use.
Bz(pin)z solution: To a 6-dram vial was added bis(pinacolato)diboron (571.0 
-g, 2.248
mmol) and toluene-d1 (1.5 mL).
Kinetic Runs:
[tridec-1,2-dienel = 0.45 M: To a J-Young tube was added 200 pL of the catalyst
solution. To this was added 100 pL of toluene- da and 200 ytL of B2$in)2 solution. The
J-Young tube was sealed with a Teflon cap and inverted several times. The Teflon cap
was removed, the flame-sealed capillary inserted, and 1.5 mL of tridec-1,2-diene solution
was added. The J-Young tube was sealed with the Teflon cap and the NMR tube inverted
several more times.
[tridec-1r2-dienel = 0.30 M: This was caried out as above except that I mL of the
tridec-I,2-diene solution and 600 pL of toluene were used.
[tridec-1,2-diene] = 0.15 M: This was carried out as above except that 0.5 mL of the
tridec-1,2-diene solution and 1.1 mL of toluene were used.
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Results. Single-pulse tFI
comparison to the internal
NMR was utilized to measure
standard) versus time.
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Chapter 3 
 
Asymmetric Synthesis and Functionalization of 1,4-Bis(boronate)esters 
 
3.1. Introduction  
 In 2004, the Morken lab reported the first enantioselective diboration of prochiral 
allenes to form chiral 1,2-bis(boronate)esters in up to 92% ee. 1   The 
palladium/TADDOL-phosphoramidite catalyst was further optimized, and the 
enantioselectivity of 1,2-bis(boronate)ester (3.1) formation was increased to 98% ee 
(Scheme 3.1).2   The synthetic utility of α-chiral 1,2-bis(boronate)esters 3.1 has been 
demonstrated in tandem diboration/allylation2a,3  or diboration/hydroboration4 reaction 
sequences.   
 
 
 
 
                                                 
(1) Pelz, N. F.; Woodward, A. R.; Burks, H. E.; Sieber, J. D.; Morken, J. P. J. Am. Chem. Soc. 2004, 126, 
16328.  
(2) (a) Woodward, A. R.; Burks, H. E.; Chan, L. M.; Morken, J. P. Org. Lett. 2005, 7, 5505.  (b) Burks, H. 
E.; Liu, S.; Morken, J. P. J. Am. Chem. Soc. 2007, 129, 8766.   
(3) Sieber, J. D.; Morken, J. P. J. Am. Chem. Soc. 2006, 128, 74.   
(4) Pelz, N. F.; Morken, J. P. Org. Lett. 2006, 8, 4557.   
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Scheme 3.1.  Pd-Catalyzed Enantioselective Allene Diboration 
2.5 mol % Pd2(dba)3 
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O
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R
(pin)B NHB(pin)
R1
R
(pin)B OB(pin)
R
B(pin)
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 The reaction mechanism for the Pd-catalyzed allene diboration is depicted in 
Scheme 3.2.  Support for this mechanism was garnered from several experiments, 
coupled with DFT calculations (see Chapter 2).  Rate-determining oxidative addition of 
B (pin)2 to Pd(0) forms Pd-bis(boryl) adduct 3.3, which coordinates to the terminal bond 
of the allene (3.4).  Substrate insertion into 3.3 occurs through a single transition state 
(3.5) where carbon-boron bond formation occurs concomitantly with the development of 
the π-allyl complex 3.6.  Reductive elimination from 3.6 delivers the desired 1,2-
bis(boronate)ester 3.1.   
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Scheme 3.2.  Mechanism for the Pd-Catalyzed Asymmetric Allene Diboration 
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 An enantioselective transition-metal-catalyzed diene diboration should proceed by 
 
an analogous reaction mechanism (Scheme 3.3).  The coordination of oxidative addition 
adduct (3.7) to the substrate can occur at the terminal bond of the diene (3.8).  Similar to 
allene diboration, the transition state for the insertion should be stabilized by coordination 
of the adjacent olefin of the diene to the transition metal; this would require the diene to 
be in the s-cis conformation.  Thus, diene insertion should proceed through a single 
transition state (3.9) where carbon-boron bond formation occurs with the development of 
the π-allyl complex.  Reductive elimination from π-allyl intermediate 3.10 should afford 
either the α-chiral 1,4-bis(boronate)ester 3.11 or the 1,2-bis(boronate)ester (not shown).  
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Scheme 3.3.  Mechanism for the Transition-Metal-Catalyzed Diboration of Dienes 
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 The practical application of 1,4-bis(boronate)esters like 3.11 could be extended 
beyond traditional allylation reactions, which generally employ allyl boronates.  The 
development of new reaction sequences that utilize α-chiral allylboronates such as 3.12 
would expedite the total synthesis of complex molecules such as bromophycolide F 
(Scheme 3.4).5  The core structure 3.13 of bromophycolide F can easily obtained from an 
electrophile-induced cyclization of 1,4-bis(boronate)ester 3.12.  Chirality transfer from 
the optically enriched 1,4-bis(boronate)ester 3.12 would deliver an enantioselective 
synthesis of the core.   
 
 
                                                
6
 
(5) For the isolation of bromophycolide F, see: (a) Kubanek, J.; Prusak, A. C.; Snell, T. W.; Giese, R. A.; 
Fairchild, C. R.; Aalbersberg, W.; Hay, M. E. J. Nat. Prod. 2006, 69, 731.  (b)  Kubanek, J.; Prusak, A. C.; 
Snell, T. W.; Giese, R. A.; Hardcastle, K. I.; Fairchild, C. R.; Aalbersberg, W.; Raventos-Suarez, C.; Hay, 
M. E. Org. Lett. 2005, 7, 5261. 
(6) For examples of enantioselective halocyclization reactions, see: (a) Sakakura, A.; Ukai, A.; Ishihara, K. 
Nature 2007, 445, 900.  (b) Garnier, J. M.; Robin, S.; Rousseau, G. Eur. J. Org. Chem. 2007, 3281.  (c) 
Grossman, R. B.; Trupp, R. J.  Can. J. Chem. 1998, 76, 1233.  (d) Yokomatsu, T.; Iwasawa, H.; Shibuya, S. 
Tetrahedron Lett. 1992, 33, 46, 6999.  (e) Yokomatsu, T.; Iwasawa, H.; Shibuya, S. J. Chem. Soc., Chem. 
Commun. 1992, 9, 728.  (f) Kitagawa, O.; Hanano, T.; Tanabe, K.; Shiro, M.; Taguchi, T. J. Chem. Soc., 
Chem. Commun. 1992, 1005.  
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Scheme 3.4.  Electrophile-Induced Cyclization of α-Chiral Allyl Boronate 3.12 
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E
(RO)2B
R1
B2(OR)4
Br
Me
Me
Me
OH
Me
O
O
O
HO
bromophycolide F
3.12 3.13
R3R1
Me R3Me
B(OR)2(RO)2B
R1
E+
 
3.2. Background 
 The first report of the addition of diboron reagents to dienes was disclosed by
uent investigations by Marder8 and Morken9 have expanded the scope 
Scheme 3.5.  Marder’s Pt-Catalyzed Diene Diboration with Chiral Ligands on Boron 
 
Miyaura.7  Subseq
and synthetic utility for diene diboration, but not the enantioselectivity.  The only source 
of selectivity achieved thus far employed chiral ligands on boron, and the levels are low.8  
Platinum-catalyzed addition of bis(tartrate glycolato)diboron to trans-piperylene afforded 
1,4-bis(boronate)ester 3.14 in 20% d.e. (Scheme 3.5).  Therefore, the need exists to 
develop an efficient enantioselective synthesis of 1,4-bis(boronate)esters.   
 
e
5 mol % Pt(PPh3)2(=)
Me
BB
O
B
O
B
O
O
CO2Me
CO2MeMeO2C
MeO2C O
OO
O CO2Me
CO2MeMeO2C
MeO2C
toluene, 80 oCM
2 days
3.14
70% yield, 20% d.e.
 
 The highly versatile organoboron intermediates,10 may allow for rapid access to 
molecularly-complex structures.  Until recently, very few synthetic transformations have 
                                                 
(7) Ishiyama, T.; Yamamoto, M.; Miyaura, N. Chem. Comm. 1996, 17, 2073.  
Peakman, T. M.; Quayle, M. 
n, J. B.; Morken, J. P. Org. Lett. 2003, 
n, H. C.; Singaram, B. Pure Appl. Chem. 1987, 59, 879.  
(8) Clegg, W.; Johann, T. R. F.; Marder, T. B.; Norman, N. C.; Orpen, A. G.; 
J.; Rice, C. R.; Scott, A. J. J. Chem. Soc., Dalton Trans. 1998, 1431.  
(9) (a) Ballard, C. E.; Morken, J. P. Synthesis 2004, 1321.  (b)  Morga
5, 2573.  
(10) Brow
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been reported with α-chiral allylboronates, and these are mostly limited to aldehyde 
allylation.  The synthesis of α-chiral allylboronates was pioneered by Hoffmann,11 with 
recent advances from the laboratories of Matteson,12 Hall,13 Pietruszka,14 Aggarwal,15 
and Sawamura.16  Hall has recently reported a copper-catalyzed synthesis of α-chiral 
allylboronate 3.15 from ethyl magnesium bromide addition to 3-chloropropenylboronates 
(Scheme 3.6, eq. 1).  Lewis acid-catalyzed allylation of benzaldehyde with 3.15 delivered 
the homoallylic alcohol 92% ee.  Only primary aliphatic Grignard reagents afforded α-
chiral allylboronates in high yield.  Secondary aliphatic Grignard reagents produced the 
α-chiral allylboronates in low yield.  In a recent report by Sawamura, an enantioselective 
copper-catalyzed synthesis of α-chiral allylboronate 3.16 from allyl carbonates was 
disclosed (Scheme 3.6, eq. 2).  This transformation proceeded in high yields and 
enantioselectivities for all substrates examined.  However, the substrate scope was 
limited to primary aliphatic allyl carbonates.   
 
Scheme 3.6.  Enantioselective Synthesis of α-Chiral Allylboronates  
                                                 
(11) (a) Hoffmann, R. W. Pure Appl. Chem. 1988, 60, 123.  (b)  Hoffmann, R. W.; Niel, G.; Schlapbach, A. 
Pure Appl. Chem. 1990, 62, 1993.  
(12) Matteson, D. S. Tetrahedron 1998, 54, 10555.  
(13) (a) Carosi, L.; Hall, D. G. Angew. Chem. Int. Ed. 2007, 46, 5913.  (b) Peng, F.; Hall, D. G. J. Am. 
Chem. Soc. 2007, 129, 3070.  (c) Peng, F.; Hall, D. G. Tetrahedron Lett. 2007, 3305.  (d) Gao, X.; Hall, D. 
G. J. Am. Chem. Soc. 2003, 125, 9308.  (e) Gao, X.; Hall, D. G.; Deligny, M.; Favre, A.; Garreaux, F.; 
Carboni, B. Chem. Eur. J. 2006, 12, 3132.  
(14) (a) Pietruszka, J.; Schone, N. Eur. J. Org. Chem. 2004, 5011.  (b) Pietruszka, J.; Schone, N. Angew. 
Chem. Int. Ed. 2003, 42, 5638.  
(15) Fang, G. Y.; Aggarwal, V. K. Angew. Chem. Int. Ed. 2007, 46, 359.   
(16) (a) Ito, H.; Kawakami, C.; Sawamura, M. J. Am. Chem. Soc. 2005, 127, 16034.  (b) Ito, H.; Ito, S.; 
Sasaki, Y.; Matsuura, K.; Sawamura, M. J. Am. Chem. Soc. 2007, 129, 14856.  
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.3. Results and Discussion 
opment.  The asymmetric diene diboration was developed 
ith re
cheme 3.7.  Transition-Metal-Catalyzed Diene Diboration 
3
 3.3.1. Reaction Devel
w adily available trans-piperylene (Scheme 3. 7).   While 1,4-bis(boronate)ester 3.17 
may be purified by column chromatography, we believed that the subsequent one-pot 
allylation and oxidation cascade would facilitate the analysis of catalyst reactivity as well 
as enantioselectivity.   
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 A high level of chirality transfer was achieved in the aldehyde allylation with 
chiral 1,2-bis(boronate)esters derived from allene diboration.  A similar level of chirality 
transfer should be achieved in allylations with chiral 1,4-bis(boronate)ester 3.17.  Two 
closed-chair transition states can be described for this allylation reaction (Scheme 3.8).  
In transition state 3.19, the methyl group of 1,4-bis(boronate)ester 3.17 is oriented in the 
equatorial position, alleviating a penalizing 1,3-diaxial interaction that is present when 
this substituent is oriented in the axial position (3.20).    
 
Scheme 3.8.  Transition States for Allylation with 1,4-Bis(boronate)ester 3.17 
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 The previously-described Pd-catalyst, effective for promoting the diboration of 
allenes, was initially surveyed for diene diboration (Table 3.1).  While the Pd(0)-catalyst 
was not effective in promoting the diboration of trans-piperylene, platinum(0) catalyzes 
the dimetallation of alkynes, 17  alkenes, 18  allenes, 19  and dienes-both Pt(PPh3)4 and 
Pt2(dba)3 were surveyed in this reaction.  Diboration of trans-piperylene proceeded 
effectively with Pt(PPh3)4 and Pt2(dba)3/PCy3 (entries 3 and 5).  The formation of the 
                                                 
(17) Ishiyama, T.; Matsuda, N.; Miyaura, N.; Suzuki, A. J. Am. Chem. Soc. 1993, 115, 11018.  
(18) Ishiyama, T.; Yamamoto, M.; Miyaura, N. Chem. Commun. 1997, 689.   
(19) Ishiyama, T.; Kitano, T.; Miyaura, N. Tetrahedron Lett. 1998, 39, 2357. 
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desired syn-1,3-diol 3.18 with Pt2(dba)3/PCy3 left ample potential for the development of 
an asymmetric diene diboration due to the large number of chiral phosphorus based 
ligands available.   
 
Table 3.1.  Transition-Metal Catalyst Selection for Asymmetric Diene Diboration 
x mol % metal
12 mol % ligand
B2(pin)2 (1.05 equiv)
toluene, 80 oC, 14 h
1. PhCHO, rt, 14 h
2. H2O2, NaOH
THF, rt, 14 h
Ph
OH
Me
OH
Me (pin)B B(pin)
Me
3.17 3.18  
entry metal (x mol %) ligand % yield 
1 Pd2(dba)3 (5%) PCy3 0 
2 Pd2(dba)3 (5%) (R,R)-3.2 0 
3 Pt(PPh3)4 (3%) - 60 
4 Pt2(dba)3 (5%) PPh3 40 
5 Pt2(dba)3 (5%) PCy3 66 
 
 As alluded to in earlier chapters, “ligand-free” platinum-catalyzed diboration has 
been documented.20  Perhaps such observations have dissuaded anyone from pursuing the 
development of the asymmetric platinum-catalyzed diene diboration, due to the 
anticipated background reaction with the “ligand-free” catalyst.  However, ligand-free 
platinum-catalyzed diboration of trans-piperylene delivered 1,2-bis(boronate)ester 3.21; 
after the allylation and oxidation of 3.21, 1,5-diol 3.22 was formed in 58% yield (Scheme 
3.9).  Because an alternative reaction product is formed from the ligand-free pathway, 
the enantiopurity of the desired reaction product would not be eroded from racemic 
product typically formed from the background reaction.   
 
                                                 
(20) Iverson, C. N.; Smith, M. R., III, Organometallics 1997, 16, 2757.   
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Scheme 3.9.  Ligand-Free Pt-Catalyzed Diene Diboration 
Me
5 mol % Pt2(dba)3
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 80 oC
14 h
1. PhCHO
2. NaOH,
H2O2
Me
B(pin)
B(pin)
Me
PhHO
58% yield
3.21 3.22
OH
 
 3.3.2.  Ligand Selection.  The parent TADDOL-derived phosphoramidite (R,R)-
3.23, which delivered allene diboration products in high yield and enantioselectivity, was 
initially investigated as the chiral ligand for this transformation (Table 3.2).  The 
formation of desired 1,3-diol 3.18 was accomplished in good yields and modest levels of 
enantioselectivity.  With THF as the solvent, the 1,3-diol was formed in the highest 
enantiopurity (entry 3).  The highest level of preference for formation of 1,4-
bis(boronate)ester 3.17 was observed in toluene.  A possible explanation for this 
preference is that THF could coordinate to platinum, as opposed to the chiral ligand, and 
promote the ligand-free pathway which delivered 1,2-bis(boronate)ester 3.21.   
 
Table 3.2.  Solvent Study with TADDOL-Phosphoramidite (R,R)-3.23 
Me
1. 5 mol % Pt2(dba)3 
        12 mol % (R,R)-3.23
B2(pin)2 (1.05 equiv)
solvent (0.1 M), 80 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OMe
Me
NMe2
Ph Ph
PhPh
(R,R)-3.233.18  
entry solvent % yield (% ee)b 
1 67 (42) 
2 69 (39) 
3 
toluene 
benzene 
THF 49 (49) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 
1,4-diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation 
product.  b Isolated yield of the 1,3-diol after silica gel chromatography. 
Enantiomeric excess determined by chiral GLC analysis of the 1,3-diol protected as 
the dimethyl ketal. 
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 The phosphoramidite scaffold was then modified to increase the enantioselectivity 
of the asymmetric diene diboration.  The parent TADDOL-derivative, featuring a 
dimethyl ketal, afforded the desired product in 49% ee (Table 3.3, entry 1).  Decreasing 
the steric encumberance of the ketal moiety by employing the formaldehyde dioxalane 
ring, ligand (R,R)-3.24, resulted in a minor reduction of enantioselectivity (entry 2).  
Substitution of R1 with a larger cyclohexyl ketal, ligand (R,R)-3.25, afforded nearly 
racemic product (entry 3).  The reduction in enantioselectivity by modification of the 
ketal moiety of the ligand was surprising.  While the ketal impacts the orientation of aryl 
groups on the TADDOL-backbone, and subsequently influences how phosphorus binds 
to the transition metal, one would expect a minimal impact on the enantioselectivity of 
the transformation, as was observed with allene diboration.   
 
Table 3.3.  TADDOL-Derived Phosphoramidite Ligand Study with Modified Ketals for 
Diene Diboration  
Me
1. 2.5 mol % Pt2(dba)3 
    6 mol % ligand
B2(pin)2 (1.05 equiv)
THF (0.1 M), 80 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
PNMe2
OR1
R1
PhPh
Ph Ph3.18  
entry ligand R1 1,4:1,2a % yield (% ee)b 
1 (R,R)-3.23 Me 1:0.32 49 (49) 
2 (R,R)-3.24 H 1:0.67 35 (38) 
3 (R,R)-3.25 (CH2)5 1:1 28 (10) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  b 
Isolated yield of the 1,3-diol after silica gel chromatography. Enantiomeric excess determined 
by chiral GLC analysis of the 1,3-diol protected as the dimethyl ketal. 
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 The modification of both the amine moiety and the aryl groups of the highly 
tunable phosphoramidite ligand scaffold were investigated next.  Diethylamine-derived 
phosphoramidite (R,R)-3.26 afforded a 1:1 mixture of 1,4- to 1,2-bis(boronate)esters in 
poor yield and enantioselectivity.  Phosphoramidites bearing pyrrolidine and piperidine 
moieties also failed to improve the yield and enantioselectivity for this transformation.  
As in the Pd-catalyzed diboration of allenes, phosphoramidite (R,R)-3.29 failed to yield 
any of the desired 1,3-diol 3.18, instead, only 1,5-diol 3.22 was obtained.  All of the 
TADDOL-derived phosphoramidites with the amine moieties larger than dimethylamine 
provided reaction products consistent with the ligand-free Pt-catalyzed reaction pathway.  
TADDOL-derived phosphoramidites with 3,5-dialkyl-substituted aryl groups on the 
backbone also failed to increase the enantioselectivity for the 1,4-bis(boronate)ester 
(Table 3.4, entries 5-6).   
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Table 3.4.  TADDOL-Derived Phosphoramidite Ligand Study for Diene Diboration 
Me
1. 2.5 mol % Pt2(dba)3 
    6 mol % ligand
B2(pin)2 (1.05 equiv)
THF (0.1 M), 80 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OMe
Me
R2
R1R1
R1 R13.18  
entry ligand R1 R2 1,4:1,2a % yield (% ee)b 
1 (R,R)-3.26 Ph Me N Me 1:1 27 (-42) 
2 (R,R)-3.27 Ph N
 
0.87:1 19 (44) 
3 (R,R)-3.28 Ph N
 
0.67:1 30 (25) 
4 (R,R)-3.29 Ph Ph N Ph
Me Me
 
0:1 0 
5 (R,R)-3.30 xylyl NMe2 1:0 69 (35) 
6 (R,R)-3.31 3,5-tBu2C6H3 NMe2 1:0.4 30 (6) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  b Isolated yield of 
the 1,3-diol after silica gel chromatography. Enantiomeric excess determined by chiral GLC analysis of the 
1,3-diol protected as the dimethyl ketal. 
  
 After inferior enantioselectivities were obtained with TADDOL-derived 
phosphoramidites, we surveyed TADDOL-derived phosphonites, which were first 
prepared 15 years ago by Seebach and are used infrequently in asymmetric catalysis.21  
Parent phosphonite (R,R)-3.32 provided modest but encouraging levels of asymmetric 
induction (62% ee) and reactivity (Table 3.5, entry 1).  The TADDOL-derived 
                                                 
(21) (a) Seebach, D.; Hayakawa, M.; Sakaki, J. –I.; Schweizer, W. B. Tetrahedron 1993, 49, 1711.  (b)  
Sakaki, J. –I.; Schweizer, W. B.; Seebach, D. Helv. Chim. Acta 1993, 76, 2654.  (c)  Haag, D.; Runsink, J.; 
Scharf, H. -D. Organometallics 1998, 17, 398.  (d)  Bee, C.; Han, S. B.; Hassan, A.; Iida, H.; Krische, M. J. 
J. Am. Chem. Soc. 2008, 130, 2746.  
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phosphonite (R,R)-3.33, with xylyl substituted aryl rings on the TADDOL backbone, 
provided a similar level of enantioselectivity when compared to the parent (R,R)-3.32 
ligand.  However, higher regioselectivity for the formation of the 1,4-bis(boronate)ester 
3.17 was observed with this ligand (entry 2).  Diboration with ligand (R,R)-3.34 provided 
1,3-diol 3.18 in 20% ee.  The reduction in the size of the ketal moiety, in conjunction 
with large sterically encumbered aryl groups on the TADDOL scaffold, also provided 
1,3-diol 3.18 in low enantioselectivity (entry 5).   
 
Table 3.5.  TADDOL-Derived Phosphonite Ligand Study for Diene Diboration 
Me
1. 2.5 mol % Pt2(dba)3 
    6 mol % ligand
B2(pin)2 (1.05 equiv)
THF (0.1 M), 80 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OR1
R1
R2
R2
R2
R2
R2
R2R2
R23.18
 
entry ligand R1 R2 1,4:1,2a % yield (% ee)b 
1 (R,R)-3.32 Me H 1:0.18 58 (61) 
2 (R,R)-3.33 Me Me 1:0 40 (62) 
3 (R,R)-3.34 Me tBu 1:0.15 40 (20) 
4 (R,R)-3.35 H H 1:0.29 38 (51) 
5 (R,R)-3.36 H tBu 1:0.16 60 (25) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  b Isolated 
yield of the 1,3-diol after silica gel chromatography. Enantiomeric excess determined by chiral GLC 
analysis of the 1,3-diol protected as the dimethyl ketal. 
 
 The levels of asymmetric induction achieved thus far in the Pt-catalyzed 
diboration were in the low sixties.  A brief solvent and temperature study was conducted 
next.  When diboration with (R,R)-TADDOLPPh (R,R)-3.32 was conducted in THF and 
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toluene, comparable enantiopurities of 1,3-diol 3.18 were obtained.  However, 
preferential formation of the 1,4-bis(boronate)ester was achieved in toluene (Scheme 
3.10).   
 
Scheme 3.10.  Solvent Study with (R,R)-TADDOLPPh (R,R)-3.32 
Me
1. 2.5 mol % Pt2(dba)3
    6 mol % (R,R)-3.32
B2(pin)2 (1.05 equiv)
solvent (0.1 M), 60 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h 3.18
THF: 0.2:1(1,2:1,4)  58% y, 61% ee
toluene = 0.23:1 (1,2:1,4)  41% y, 62% ee 
 A temperature study for the asymmetric diboration was conducted in toluene with 
(R,R)-TADDOLPPh (ligand (R,R)-3.32) and (R,R)-xylylTADDOLPPh (ligand (R,R)-
3.33) (Table 3.6).  The isoinversion principle operates for the formation of 1,3-diol 3.18 
with these ligands.22  The enantioselectivities for the formation of 1,4-bis(boronate)ester 
3.17 with ligands (R,R)-3.32 and (R,R)-3.33 were highest between 40 and 60 oC with 
lower enantioselectivities at 80 oC and room temperature.  At room temperature with 
ligand (R,R)-3.32, 1,2-bis(boronate)ester 3.21 was formed.  Diboration with ligand 
(R,R)-3.33, at all temperatures, favored the formation of 1,4-bis(boronate)ester 3.17.  
Diene diboration with (R,R)-3.33 at 60 oC delivered the optimal level of 
enantioselectivity observed thus far, 81% ee (Table 3.6, entry 6).   
 
 
 
                                                 
(22) Buschmann, H.; Scharf, H. -D.; Hoffmann, N.; Esser, P. Angew. Chem., Int. Ed. Engl. 1991, 30, 477. 
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Table 3.6. Temperature Study for Asymmetric Diene Diboration with B2(pin)2 
Me
1. 2.5 mol % Pt2(dba)3 
    6 mol % ligand
B2(pin)2 (1.05 equiv)
toluene (0.1 M), temp oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OMe
Me
R1
R1
R1
R1
R1
R1R1
R1
Ph
(R,R)-3.32: R1 = H
(R,R)-3.33: R1 = Me
3.18
 
entry ligand temp (oC) 1,4:1,2a % yield (% ee)b 
1 (R,R)-3.32 80 1:0.23 41 (62) 
2 (R,R)-3.32 60 1:0.43 75 (71) 
3 (R,R)-3.32 40 1:0.08 55 (75) 
4 (R,R)-3.32 rt 0.33:1 23 (59) 
5 (R,R)-3.33 80 1:0 40 (62) 
6 (R,R)-3.33 60 1:0 82 (81) 
7 (R,R)-3.33 40 1:0 64 (78) 
8 (R,R)-3.33 rt trace trace 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  b 
Isolated yield of the 1,3-diol after silica gel chromatography. Enantiomeric excess determined by 
chiral GLC analysis of the 1,3-diol protected as the dimethyl ketal. 
 
 Several more TADDOL-derived phosphonites were prepared and surveyed in the 
diboration of trans-piperylene at 60 oC in toluene (Table 3.7).  All modifications of the 
aryl group on the TADDOL backbone led to diminished enantioselectivities for the 
formation of syn-1,3-diol 3.18 (entries 3-6).  Dioxalane substitution on the TADDOL 
scaffold delivered phosphonites which failed to increase the enantioselectivity of this 
transformation (Table 3.7, entry 7).  3,5-Dialkyl substitution on the aryl rings of the 
TADDOL scaffold, with the formaldehyde dioxalane, did not furnish 1,3-diol 3.18 with 
increased enantioselectivity (entries 8-9).   
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Table 3.7.  TADDOL-Derived Phosphonite Ligand Survey for Diene Diboration at 60 oC  
Me
1. 2.5 mol % Pt2(dba)3 
    6 mol % ligand
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OR1
R1
ArAr
Ar Ar
Ph
3.18  
entry ligand R1 Ar 1,4:1,2a % yield (% ee)b 
1 (R,R)-3.32 Me Ph 1:0.43 75 (71) 
2 (R,R)-3.33 Me 3,5-Me2C6H3 1:0 82 (81) 
3 (R,R)-3.37 Me 3,5-Et2C6H3 1:0.06 69 (53) 
4 (R,R)-3.38 Me 3,5-tBu2C6H3 1:0.29 53 (32) 
5 (R,R)-3.39 Me 1-naphthyl 1:0.38 39 (56) 
6 (R,R)-3.40 Me 2-naphthyl 1:0.20 63 (-71)c 
7 (R,R)-3.35 H Ph 1:0.12 55 (80) 
8 (R,R)-3.41 H 3,5-Me2C6H3 1:0.54 65 (68) 
9 (R,R)-3.36 H 3,5-tBu2C6H3 1:0.29 53 (32) 
10 (R,R)-3.42 Et Ph 1:0.55 33 (65) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  b Isolated yield of 
the 1,3-diol after silica gel chromatography. Enantiomeric excess determined by chiral GLC analysis of the 
1,3-diol protected as the dimethyl ketal. c (S,S)-2-naphthyl-TADDOL was employed, delivering the 
opposite enantiomer of 3.18. 
 
 In order to further probe the TADDOL-derived phosphonite ligand structure for 
the diene diboration reaction, phosphonites with different aryl groups attached to 
phosphorus were examined (Table 3.8).  All of the ligands that were synthesized and 
investigated in the diboration reaction were inferior to (R,R)-xylylTADDOLPPh (ligand 
(R,R)-3.33).  Increasing the size of the aryl group bound to phosphorus had a negative 
impact on the enantioselectivity for this transformation, as illustrated with ligands (R,R)-
3.45 and (R,R)-3.47.   
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Table 3.8.  Aryl-Phosphorus Derivatives of TADDOL-Derived Phosphonite Ligand 
Scaffold 
Me
1. Pt2(dba)3 (2.5 mol %)
    ligand (6 mol %)
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OMe
Me
Ar2
Ar1Ar1
Ar1 Ar13.18  
entry ligand Ar1 Ar2 1,4:1,2a % yield (% ee)b 
1 (R,R)-3.43 Ph 3,5-Me2C6H3 1:0.26 82 (70) 
2 (R,R)-3.44 3,5-Me2C6H4 3,5-Me2C6H3 1:0.19 49 (84) 
3 (R,R)-3.45 Ph o-MeC6H4 1:1.03 44 (16) 
4 (R,R)-3.46 Ph 2-naphthyl 1:0 73 (62) 
5 (R,R)-3.47 Ph p-OMeC6H4 1:1 28 (65) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  bIsolated yield of 
the 1,3-diol after silica gel chromatography. Enantiomeric excess determined by chiral GLC analysis of the 
1,3-diol protected as the dimethyl ketal. 
 
 Different diboron reagents were also investigated in an attempt to increase the 
enantioselectivities of diene diboration.  Bis(catecholato)diboron was the only diboron 
reagent to furnish reactivity and enantioselectivity in the diboration of trans-piperylene.  
The isoinversion principle is also operative with B2(cat)2.22  The highest level of 
enantioselectivity that was achieved with B2(cat)2 was 36% ee (entry 2).  
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Table 3.9.  Temperature Study for Diene Diboration with B2(cat)2 
Me
1. Pt2(dba)3 (2.5 mol %)
    (R,R)-3.32 (6 mol %)
B2(cat)2 (1.05 equiv)
toluene (0.1 M), temp oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OMe
Me
PhPh
Ph Ph
Ph
(R,R)-3.323.18  
entry temp (oC) 1,4:1,2a % yield (% ee)b 
1 80 1:0 59 (23) 
2 60 1:0 70 (36) 
3 rt 1:0 69 (25) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H 
NMR ratio of the 1,4-diboration/allylation/oxidation product to the 1,2-
diboration/allylation/oxidation product.  b Isolated yield of the 1,3-diol 
after silica gel chromatography. Enantiomeric excess determined by 
chiral GLC analysis of the 1,3-diol protected as the dimethyl ketal. 
 
 A handful of TADDOL-derived phosphoramidites and phosphonites were 
surveyed with B2(cat)2 in the diboration reaction (Table 3.10).  Predominant selectivity 
for the 1,4-diboration product occurred with B2(cat)2; unfortunately, the 
enantioselectivity for the reaction never rose above 60% ee.   
 
Table 3.10.  Diboration with B2(cat)2 Catalyzed by Various TADDOL-Derived Ligands 
Me
1. Pt2(dba)3 (2.5 mol %)
    ligand (6 mol %)
B2(cat)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
Ph
Me
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OR1
R1
R2
ArAr
Ar Ar3.18  
ligand R1 Ar R2 1,4:1,2a % yield (% ee)b 
(R,R)-3.23 Me Ph NMe2 1:0 41 (55) 
(R,R)-3.27 Me Ph N(CH2)4 1:0 37 (60) 
(R,R)-3.33 Me 3,5-Me2C6H3 Ph 1:0 37 (42) 
(R,R)-3.36 H 3,5-tBu2C6H3 Ph 1:0 41 (22) 
a Ratio of 1,4- to 1,2-bis(boronate)ester determined by the crude 1H NMR ratio of the 1,4-
diboration/allylation/oxidation product to the 1,2-diboration/allylation/oxidation product.  b Isolated yield 
of the 1,3-diol after silica gel chromatography. Enantiomeric excess determined by chiral GLC analysis 
of the 1,3-diol protected as the dimethyl ketal. 
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 3.3.3. Substrate Scope.  The highest level of asymmetric induction for the 
diboration of trans-piperylene achieved thus far was 81% ee.  The substrate scope for the 
tandem-diboration/allylation/oxidation reaction sequence was then investigated.  This 
reaction cascade works well for aliphatic dienes (up to 91% ee), but the desired 1,3-diols, 
arising from aldehyde allylation, were formed in low yields (Table 3.11).   
 
Table 3.11.  Substrate Scope for Diene Diboration/Allylation/Oxidation 
R
1. 2.5 mol % Pt2(dba)3 
    6 mol % ligand
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
Ph
R
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
O
O O
P
OMe
Me
R1
R1
R1
R1
R1
R1R1
R1
Ph
(R,R)-3.32: R1 = H
(R,R)-3.33: R1 = Me
3.18
 
entry ligand R % yield (% ee)a 
1 (R,R)-3.32 Et 54 (73) 
2 (R,R)-3.33 Et 60 (82) 
3 (R,R)-3.33 n-Hexyl 46 (82) 
4 (R,R)-3.33 Cy 28 (91) 
a Isolated yield of the 1,3-diol after silica gel chromatography. 
Enantiomeric excess determined by chiral GLC analysis of the 1,3-diol 
protected as the dimethyl ketal. 
 
 After the crude reaction mixture from the diboration/allylation/oxidation of (E)-1-
cyclohexyl-1,3-butadiene was purified, a side product (3.49) was isolated (Scheme 3.11).  
Apparently, the aldehyde allylation with the 1,4-bis(boronate)ester resulting from the 
diboration of (E)-1-cyclohexyl-1,3-butadiene was incomplete, direct oxidation of the 1,4-
bis(boronate)ester occurred to deliver the 1,4-dihydroxylated product 3.49.  While, there 
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are a few examples in the literature for the 1,4-dihydroxylation of dienes,23  only one has 
been rendered enantioselective, delivering the 1,4-dihydroxylated product in 54% ee.24  
 
Scheme 3.11.  Diboration of (E)-1-Cyclohexyl-1,3-butadiene 
Cy
1. 2.5 mol % Pt2(dba)3 
    6 mol % (R,R)-3.33
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
Ph
Cy
OH
OH2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
Cy
OH
OH
3.48
28% y, 91% ee
3.49
51% y  
 
 3.3.4.  Development of the 1,4-Dihydroxylation of 1,3-Dienes.  The development 
of the asymmetric 1,4-dihydroxylation of dienes would allow access to a challenging 
class of targets.  Aside from the Lindlar reduction of an alkyne, there are few examples in 
the literature for the preparation of a cis-1,4-diol.25  Along these lines, several prochiral 
monosubstituted dienes were prepared and investigated in the asymmetric 1,4-
dihydroxylation reaction (Table 3.12).  Diboration of primary aliphatic and aromatic 
dienes afforded 1,4-diols in 83-84% ee (entries 2-4).  Secondary and tertiary aliphatic 
dienes were very effective in the diboration, and the desired reaction products were 
obtained in 90 and 92% ee (entries 1, 5).  The 1,4-diol resulting from the diboration of 
(E)-1-cyclohexyl-1,3-butadiene was isolated in 90% ee; this observation proved an earlier 
                                                 
(23) Matsumoto, M.; Dobashi, S.; Kuroda, K.; Kondo, K. Tetrahedron 1985, 41, 2147.  
(24) (a) Bäckvall, J. –E.; Byström, S. E.; Nordberg, R. E. J. Org. Chem. 1984, 49, 4619.  (b) Bäckvall, J. –
E.; Vågberg, J. O. J. Org. Chem. 1988, 53, 5695.  (c) Itami, K.; Palmgren, A.; Thorarensen, A.; Bäckvall, J. 
-E. J. Org. Chem. 1998, 63, 6466.  
(25) (a) Bloch, R.; Gilbert, L. Tetrahedron Lett. 1987, 28, 423.  (b) Kitajima, H.; Ito, K.; Katsuki, T. 
Tetrahedron 1997, 53, 17015.  (c) Whitehead, A.; McReynolds, M. D.; Moore, J. D.; Hanson, P. R. Org. 
Lett. 2005, 7, 3375.  (d)  Jernelius, J. A.; Schrock, R. R.; Hoveyda, A. H. Tetrahedron 2004, 60, 7345. 
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assumption that the conservation of chirality in the allylation reaction of the intermediate 
1,4-bis(boronate)esters was high.   
 
Table 3.12.  Expansion of the Substrate Scope for 1,4-Dihydroxylation of 1,3-Dienes 
R
2.5 mol % Pt2(dba)3
6 mol % (R,R)-3.33
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
then H2O2/NaOH
R
OH
OH
 
entry R % yield (% ee)a 
1 Cy 82 (90) 
2 n-Hexyl 84 (83) 
3 PhCH2CH2 81 (84) 
4 Ph 80 (84) 
5 t-Bu 30 (92) 
a Isolated yield of the 1,4-diol after silica gel chromatography.  
Enantiomeric excess was determined by chiral GLC after ozonlysis 
of the 1,4-diol and subsequent protection as the dimethyl ketal. 
 
 3.3.5. Mechanistic Experiments.  There are two possible mechanisms for the 
asymmetric diene diboration (Scheme 3.12, pathways a and b).  Both mechanisms center 
on oxidative addition of B2(pin)2 to platinum; however, they differ in the mode of diene 
insertion.  The first mechanism (pathway a) involves coordination of the platinum-
bis(boryl) 3.50 to the terminal bond of the diene (3.51), followed by insertion to deliver 
the η1-allyl intermediate 3.52.  Reductive elimination from 3.52 delivers the 1,2-
bis(boronate)ester; however, π-allyl isomerization to 3.53 followed by reductive 
elimination, would deliver 1,4-bis(boronate)ester 3.11.   
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Scheme 3.12.  Potential Mechanisms for Diene Diboration 
R
Pt(0)Ln
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H
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 The second mechanism is closely tied to the mechanism for the enantioselective 
palladium-catalyzed diboration of allenes (Scheme 3.12, pathway b).  Bis(boryl) 3.50 
would coordinate to the π-system of the diene when the diene (3.54).  Analogous to the 
mechanism for allene diboration, π-allyl formation occurs concomitantly with carbon-
boron bond formation (3.55).  Reductive elimination from π-allyl intermediate 3.53 
affords the desired 1,4-bis(boronate)ester 3.11.  A requirement for this mechanism is that 
the diene adopt an s-cis conformation. 
 In order to differentiate between these mechanistic pathways, the platinum-
catalyzed diboration of cis-piperylene was conducted (Scheme 3.13).  Cis-piperylene is 
energetically less likely to adopt the s-cis diene conformation required for diboration 
through the mechanism in pathway b (Scheme 3.12). 26   If insertion of the terminal 
alkenes of piperylene into the B-Pt bond of bis(boryl) 3.50 occurs without association of 
the adjacent alkene, then there is no requirement for the diene to adopt the s-cis 
                                                 
(26) 3.51 kcal/mol is the calculated energy required for cis-piperylene to adopt the s-cis conformation.  
Dodzuik, H. J. Mol. Struct. 1974, 20, 317.  
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conformation (Scheme 3.12, pathway a).  In fact, when cis-piperylene is subjected to the 
optimized reaction conditions with (R,R)-TADDOLPPh (ligand 3.32), no diboration 
occurred: the 1,3- and 1,5-diols resulting from the formation of 1,4-bis(boronate)ester 
3.17 and 1,2-bis(boronate)ester 3.21, respectively, were not observed in the crude 1H 
NMR.  Diols resulting from diboration were not obtained when tricyclohexylphosphine 
was employed as the ligand on platinum.  Based on these experiments, the most likely 
mechanistic pathway is the one proposed in Scheme 3.12, pathway b.  
 
Scheme 3.13.  Diboration of cis-Piperylene 
1. Pt2dba3 (2.5 mol %)
    (R,R)-3.32 (6 mol %)
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
2. PhCHO, rt, 8 h
3. H2O2, NaOH, THF, rt, 14 h
Me
no reaction
 
 Further evidence to support the requirement that the substrate adopt the s-cis 
conformation, comes from the diboration of 1,3-cyclohexadiene (Scheme 3.14).  In fact, 
diboration of this substrate proceeded with tricyclohexylphosphine, as the ligand for 
platinum, to provide 1,4-bis(boronate)ester 3.57 in 64% yield.  While these mechanistic 
experiments are preliminary, both support the requirement for the diene to be in the s-cis 
conformation and that carbon-bond formation may occur concurrently with π-allyl 
formation, analogous to the mechanism for allene diboration.   
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Scheme 3.14.  Diboration of 1,3-Cyclohexadiene 
Pt2dba3 (2.5 mol %)
   PCy3 (6 mol %)
B2(pin)2 (1.05 equiv)
toluene (0.1 M), 60 oC, 14 h
B(pin)(pin)B
3.57
64% yield  
 
3.4.  Conclusion 
 The asymmetric platinum-catalyzed diboration of prochiral monosubstituted 
dienes affords 1,4-bis(boronate)esters in high enantioselectivities.  1,4-
Bis(boronate)esters obtained from diene diboration will allylate aldehydes with near 
perfect chirality transfer.  Direct oxidation of the 1,4-bis(boronate)ester delivered an 
optically enriched 1,4-dihydroxylated product which allowed access to a challenging 
class of targets in a single reaction vessel. 
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3.5. Experimentals
3'5'1' General Procedure. tH NvR spectra were recorded on Varian Unity Inova
500 MHz and Varian Gemini 400 MHz spectrometers. Chemical shifts are reported in
ppm with the solvent resonance as the internal standard (CDCI3 : 7 .26 ppm). Data are
reported as follows: chemical shift, integration, multiplicity (s : singlet, d : doublet, t :
triplet,q:quartet,p-pentad,br=broad,m-multiplet),couplingconstants(Hz)and
assignment. t'C{trr;uvtR spectra were recorded on varian Unity Inova 500 MH z (125
MHz) and Varian Gemini 400 MHz (100 MHz) spectrometers. Chemical shifts are
reported in ppm with the solvent resonance as the internal standard (CDCI3 : 77 .16 ppm).
"P{tu;NuR (121 MHz) were recorded on a varian unity Inova 300 spectrometer.
chemical shifts are reported for 31P NMR spectra using phosphoric acid as an external
standard' Infrared (IR) spectra were recorded on a Bruker a-p Spectrometer.
Frequencies are reported in wavenumbers (r*-t) as follows: strong (s), broad (br),
medium (m)' and weak (w). High-resolution mass spectrometry (ESI) was performed at
Boston College, Chestnut Hill, MA.
Liquid chromatography was performed using forced flow (flash chromatography) on
silica gel (Sioz,230 x 450 Mesh) purchased from Silicycle. Thin layer chromatography
was performed on 25 pm silica gel glass backed plates from Silicycle. Visualization was
performed using ultraviolet light, phosphomolybdic acid (pMA), and potassium
pennanganate (KMnOa).
Analytical gas-liquid chromatography (GLC) was performed on a Hewlett-packard
6890 Series chromatograph equipped with a CTC Analysis Combi pal autosampler by
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Leap Technologies (Cartboro, North Carolina), a split mode capillary injection system, a
flame ionization detector, and a Supleco B-Dex 120 coiumn with helium as the carrier gas.
Analyical chiral supercritical fluid chromatography (SFC) was performed on a Berger
Instruments Supercritical Chromatograph equipped ,,a,rith an Alcott auto sampler and a
Knauer UV detector.
All reactions were conducted in oven- or flame-dried glassware under an inert
atmosphere of nitrogen or argon. Toluene, tetrahydrofuran, methylene chloricle, and
diethyl ether were purified using Pure Solv MD-4 solvent purification system, from
Innovative Technology, Inc., by passing the solvenf through two activated alumina
columns after being purged with argon. Triethylarnine was distilled from calcium
hydride. Potassium tetrachloroplatinate(Il) was purchased from Strem Chemlcals, Inc.
Bis(pinacolato)diboron was obtained from Allychem Co., Ltd. and recrystallized from
pentanes prior to use. Dibenzylideneacetone was purchased from Oakwood Chemicals.
trans-1'3-Hexadiene and cis-piperylene were purchased from TCI America. All other
reagents were purchased from Aldrich and used without fuither purification.
3.5-2. Preparation 
-for Pt2@bo)3. Tris(dibenzylideneacetone)diplatinum was
prepared using the literature prcrcedure2i with slight modification. To a 3-neck 500-mL
round-bottomed flask equipped with a magnetic stir bar and reflux condenser was added
dibenzylideneacetone (3.95 g, 16.8 mmol), tetrabutylammonium chloride (2.0 g, 7.2
mmol), and sodium acetate (3.55 g, 43.3 mmol). Salts were dissolved in methanol and
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the solution was warmed to 70 oC and allowed to stir for 5 min. To a 50-mL pear-shaped
flask was added potassium tetrachloroplatinate (1.00 g,2.41 mmol). The potassium salt
was dissolved in water (8 mL) with mild heating. The 3-neck round-bottomed flask was
charged with the potassium tetrachloroplatinate solution and the reaction was allowed to
stir at 70 oC for 3 h. After 3 h, the reaciion was cooled to ambient temperature,
transferred to a 500-mL round-bottomed flask and contentrated on the rotary evaporation
to half the volume. The reaction mirture was filtered on a Bi,ichner funnel; solids were
uashed with copious amounts of water and methanol until all y-ellow crystals were no
longer visible. The platinum catalyst was placed under the high vacuum for 24 h to
remove residual methanol and water, and tris(dibenzylideneacetone)diplatinum was
obtained as a brown solid (I,71 g, 650/o yield). Spectroscopic characterization of the
platinum catalyst was in accord with spectra reported in the literature.2T
.3.5..3. General Procedure for the Synthesis of TADDOL-Derivatives. To an oven-
dried 2-neck 500-mL round-bottomed flask equipped rvith a magnetic stir bar, addition
funnel, and reflux condenser was added magnesium (6.52 g,268.2 mmol). The apparatus
was flame-dried and allowed to cool to room temperature. A crystal of iodine was added
to the 500-mL flask. Bromobenzene (26.5 mL,252.4 mmol) was added to the addition
funnel and diluted with tetrahydrofuran (.252 mL). The bromobenzene solution was
added dropwise over t h, at room temperature, to the magnesium. After the entire
bromobenzene solution was added to the round-bottomed flask, the reaction mixture was
refluxed for I h, or until the magnesium was completely consumed. The reaction mixture
was allowed to cool to ambient temperature and was ihen cooled to 0 oC (ice/water bath).
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The addition funnel was charged with the dimethyl ester of (4R,5R)-1,3-dioxolane-4,5-
dicarboxylic acidt* 16.00 g, 31.55 mmol) and THF (63 mL). The reaction mixture was
charged with a solution of the dimethyl ester of (4R,5R)-1,3-dioxolane-4,5-dicarboxylic
acid over the course of I h. After the complete addition of the tartrate derivative, the
reaction mixture was heated at 80 oC and allowed to stir overnight at 80 oC. At this time,
the reaction was cooled to 0 oC and charged with a saturated ammonium chloride solution.
The solid/liquid mixture was diluted with water and ethyl acetate and transferred to a
separatory funnel. The organic and aqueous layers were separated; the aqueous layer was
washed three times with ethyl acetate. The organic extracts were combined and washed
with brine. The organic layer was dried OIazSO+), filtered through cotton, and volatiles
were removed on the rctary evaporation to afford a yellow solid. The solid was purified
by column chromatography to afford ((4R,5ft)- 1,3-dioxolane-4,5-
diyl)bis(diphenylmethanol) as a white solid (10.3 9,75o/o yield).
phrfn ((4n,5R)-1,3-Dioxolane-4,5-diyl)bis(diphenylmethanol). rFI NMR (400p/-oH(l
b"\-or-r MHz, CDCI3) 6 2.84 (2H, br s, OH x 2),4.74 (2H, s, CHO), 5.12 (2H, s,
Ph'bn
CHzO), 7 .20-7.26 (6H, m, ArH) ,7.31-7.33 (1H, m, ArH),7.35-7.39 (9H, m, ArH),7.55-
7.57 (4H,m,ArH). t3CNMR(l00MHz,CDCI3)67g.8,g0.9,97.2, 126.9, 127.2, 127.3,
127.6, 127.9, 128.2, 143.8, 144.7. IR (neat): 3379 (w), 3056 (w), 3024 (w),2882 (w),
1446 (m), 694 (s) cm-'. HRMS-(ESI+): for CzqH26NaOa calc'd: 461.1729 (M+Na)+,
observed:461.1730 (M+Na)+. The unpurified reaction mixture was purified on silica gel
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with 15% ethyl acetateftiexanes as the eluant to afford a white solid in75Yo yield (10.3 g).
Rr: 0.25 (A% ethyl acetate, stain in PMA).
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t((41t,sft )- 1,3-Dioxo lane-4,5-diyl)bis(bis (3,5-
dimethylphenyl)methanol). tH NtrrtR (500 MHz, CDCh) 6 2,18
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((4n,5R)- l o3-Dioxolane-4,5-diyl)bis (bis(3' S-di-tert'
butylphenyl)methanol). lH NMR (400 I\{Hz, CDCI3) 6 1.10-1.33
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'"{) rBu
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14g.7,150.1. IR (neat):3565 (m), 3545 (m), 2953 (s),2903 (s),2873 (s), 1596 (s), 1175
(s), 1361 (s), 1247 (s), ll71(s), 948 (s) cm-r. HRMS-(ESI+): for CorHqoNaO+ c,alc'd:
909.6737 (M+Na)*, observed: 909.6684 (M+Na)+. The unpurified reaction mixture was
purified on silica gel with 5o./o ethyl acetate/hexanes as the eluant to afford a yellow solid
inTl% yield (3.a0 g). Rr: 0.65 (10% ethyl acetate, stain in PMA).
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3.5.4, Ligand Synthesis.
3. 5, 4. l. General Procedure for (R,R) - TADD OL-D eriv ed P hosp h orsmidite Lig ands.' All
phosphoramidites were prepared according to the general procedure in Chapter 2 and
spectral properties of the ligands are in accordance with the literature. Please see section
2.s.3.
ph..f h (3a-R,8alt)-N,N-Dimethyl-4,4,8,8-tetraphenyl-tetrahydro-
p-l--o, lVle( i .p-ru [l,3ldioxolo[4,5-el[1,3,2]dioxaphosphepin-6-amine (R,R)-3.24. tHb" >-d ivr"Ph bn(R,Rl-s.,4 NMR (400 MHz, CDCI3) 62.77 (6H, d, Jup: 10.8 FIz. (CHs)zN), 3.64
(1H, s, OCHaH3O), 4.46 (1H, d,J:8 Hz, CHO), 4.93 (1H, s, OCHaH6O),5.1'6 (1H. dd,
J='7,6Hz,Jnp 
- 
4Hz, CHO), 7.ll-7.19 (12H,m, ArH), 7.32-7.34 (2H, m, ArH),7.42'
7.44 (2H, m, ArH),7.52-7.54 (2H, m, ArH),1.68-7.70 (2H, m, ArH). t'C NMR (100
MHz, CDC13) 6 35.6 (d, 'Jrr: 19.5 Hz),80.4 (d,'Jrr:7.1 Hz),80.8, 81.2 (d,tJr, --
24.2 ltz),84.5 (tJr, 
- 
3.9 Hz),95.8, 126.9, 127.0, 127.3, 127.53, 127.58, 127.6, 127-8,
127.g,128.0, 128.2., 128.3 , 140.7,141.8, 145.6, 146.5. 3tP NMR (121 MHz, CDC13) 6
142.6. IR (neat):2962(m), 2g2g (m), 2872(m), 159q (s). 1a91 (s),971 (s),783 (s) rm-'.
HRMS-(ESI+): for C:rHrrO+NP calc'd: 5l2.lggl (N'I+H)*, observed: 512.1985 (M+H)*.
The unpurified reaction mixture was purified on silica gel with 5% ethyl acetate/hexanes
as the eluant to afford a white solid in74oh yield (527 mg). Rr:0.55 (100/0 ethyl acetate,
stain in PMA).
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3 S^4.2. General Procedure for (R,R)-TADDOL-Derived Phosphonite Ligands. All
TADDOL-derived phosphonites bearing an aryl phosphine were prepared by the
following procedure. The following ligands have been previously reported and spectral
data are in acc.ordance with the literature. (n,rt)-3.33,tn (R,rt)-3.34,2e GR,R)-3.39,'0
(,R,lt)-3.40,'u (^R,lt)-3. 46.3 |
Preparation of (3a.R,8alt)-4,4.6"8,8-Pentaphenyl-tetrahydro- [1'3]dioxolo [4'5-
elll,3,2ldioxaphosphepine. To a 100-mL round-bottomed flask with magnetic stir bar
was added oven-dried 4A molecular sieves. The flask was then flame-dried under
vacuum and subsequently filled with nitrogen. The flask was charged with [5-(hydroxy-
diphenyl-methyl)-[ I ,3]dioxolan-4-yll-diphenyl-methanol (7l6 ffig, 1 .632 mmol),
tetrahydrofuran (16 mL,0.1 M), and triethylamine (773 pL. 5.55 mmol). The flask was
cooled to 0 oC (ice/water) and allowed to stir for 15 min at which time the flask was
charged with dichlorophenylphosphine (243 mL, 1 .795 mmol). The reaction mixture was
gradually warrned to room temperature and allowed to stir overnight. Diethyl ether was
added to the reaction mixture to precipitate triethylamine hydrochloride salts which were
then remol,ed by filtration over Celite. Solvent was removed by rotary evaporation to
afford a foam which was purified by column chromatography on silica gel with 5% ethyl
acetate/hexanes as the eluant. A white solid was isolated in 58% yield (522.7 mg).
(29) Sieber, J. D.; IV{orken, J. P. I Am. Chem. Soc.2008, I30,1978.
(30) Alexakis, A.; Burton, J.; Vastra, J.; Benhaim, C.; Fournioux, X.; Heuvel, A.; Leveque, J.--M.; Maze,
F.; Rosset, S. Eur. J. Org. Chem.2000, 401 I
(31) Sakaki, J.; Schweizer, W. B.; Seebach, D. Helv. Chim. Acta 1993, 76,2654.
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ph,.fh (3a,R,8aR\-4r4,6,8n8-Pentaphenyl-tetrahydro-[l.3J,dioxolo[4.5-
P-.rA o., /:',( i. i< ) elll,S,Zldioxaphosphepine (lR.,rR)-3,35. 'H NMR (400 MHz, CDCI3)'o," t>-d \.-'l
Ph" bn{R,R)-3.s5 S 3.60 (1H, s, OCHaHeO), 4.53 (1H, d,J:8Ha CHO), 5.02 (1H. s,
OCH4HTO), 5.55 (1H, dd.",r :7.6 Hz, Js, -_-'5.6I{2. CHO), 7.08-7.34 ( 74H,m, ArH),
7 .43 (-5H, m, ArI{) , 7 .51-7 .53 (2H, m, ArH) , 7 .56-7 .52 (2H, m, ArH) , 7 .78-7 .82, (2F{, m,
ArlI). t'C NMR (100 NIHz. CDCI3) 6 S 1.0 (o,'Jr', -= 25.5 Hr),82.4,82.5, 85.3 ld,3Jgp:
3.9 H2), 96.0, 127 .31, 127.34, 127.4, 1.?7..6, !27.71^ 127 .77, 127 g, 128.1, 128.34.128.38,
128.4,128.6 (.d,3Jcp: 7.1 IIz),13C.0 (cl, t,irp:23.1 Hz),130.9. 140.1, 140.9 (d, IJ6p:
l0.g Hz), 141.3,145.0, L46.L 3rPNMR (.12i MHz, CDCI3) 6 158.3. IR (neat):3056 (w),
2g64 (w), 1598 (m), 14gI (rn), 1131 (s), 1035 (s), 693 (s) crnr. IIRMS-(ESI+)' fbr
C:sH:oO+P calc'd: 545.1882 (M+tI)'.. observed: 545 .1872 (Mr-H)*. The unpurified
reaction mixture was purified on silica gel with 50,6 ethyl acetateihexanes as the eluant to
affbrd a white solid in 58% yield (522.7 mg). Rr: 0.50 (109/0 ethyl acetate, stain in
PMA).
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Me Mq (3a.R,8aft)-4,4,8,8-Tetrakis(3,5-dimethylphenyl)-6-phenyl-/',1\
r'r"-{\l'r).=i *" tetrahydro- [1 ,3] dioxolo [4 ,S-eltl,3 ,zldioxaphosphepine (rt,lt)-w'
.o-^Q(lP-to, [t--o--\--// 3.41. tFI NtrrtR (500 MHz, CDCI3) 6 2.24 (6H, s, CHEAI),2"27Me.*,\r/ V,^ii t lr V-Me
'\1 *,o/ (12FI, s, cHrAr),2.32 (611, s. cH3Ar), 3.66 (lH, s, ocHal{eo),tl
Me tu1e(BR)-3.41 4.60 (1[I. d, J:8 Hz, CHO), 5.09 (1H, s, OCHnHnO), 5.59 (lI{,
dd, 
-r:7.5 tlz. Jnp: 5.7 Hz, CHO),6.82 (1H, s, ArH), 6.87 (1H, s, ArH), 6.89 (1H, s,
ArH), 6.96 (1H, s, ArH), 7.02 (2H, s, ArH).7.11 (,2H, s, ArH). 7.21 (2H. s. ArH).7.38
(2H,.s, ArH) , 7.52-754 (3H, m, ArH),7.85-7.88 (2H, m, ArH). t'C NMR (125 M]Hz,
CDCI3) 6 21.3, :21.73, 21.76,, 21.9, 80.9 (d, tJr, : 27 Hr), 82.3, 82.4 (d, 2J,:p : 6-8 Hz),
85.3, 95 3, I2!5.2, 125.g, 126.1, 127.8, 128.5 (d, tJr, : 6.6 I{z), 12g.1., 12g.1, 729.6,
129.8 (d,2Jcr:25.1 Hz), 130.1, 130.6, 134.0, 136.8, 137.2, 137.53.I37.59, 140.1, 141.3,
141,4, 145.3, 146.2. "P NMR (l2l MHz, CDCI3) 6 158.3. IR (neat): 3006 (w),2912
(w), 2816 (w), 1701 (s), 1600 (s), 1345 (s), 1157 (s), 937 (s), 823 (s), 756 (s) cm-l,
HRMS-(ESI+): for C+:H+6O+P calc'd: 657.3134 (M+H)*, observed:657.3130 (M+H)+.
The unpurified reaction mixture was purified on silica gel with 5o/o ethyl acetate/hexanes
as the eluant to afford a white solid in 280.6 yield (340.9 mg). Rr: 0.31 (10% ethyl
acetate,, stain in PMA).
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(R,R)-3.36
(3alt,8aR l-4,4,8,8-Tetrakis(3,5-d i-tert'bulvlphenyl)-6-
phenyltetrah,vdro- [ l,3l dioxolo [4,S-el[ 1,3'21 dioxaphosphepine
(R,R)-3.36. tH NMR (400 MHz, CDCI3) 6 l.r2-1.21 1,',72H, m,
(CH3)3C x 9), 3.61 (1H, s, OCHaHgO), 4.57 (1H, d,,I:7.6H2,
CHO). 4.99 (1I1, s. OCH4H3O), 5.48 (1FI, dd. -r - 7.6H2, Jsp:
4.8 tIz, CHO) 7 .t4 (1H, d, u' - 1.6 Hz. ArH), 7 .13-7 .28 (5H, m, ArH) ,7 .48-7 .53 (9H, m,
ArH), 7.94-7.98 (2F{, m, ArH).,''C NMR (100 MHz, CDCI3) 6 31.5,31.6,31.7,34.9,
t!
35.0, 35 1, 35.2, 82.9, 83.1, 83.5, 85.6, 96.0, 120 7, 120.8, l2().9, 121.3, 122.2, 122,-2,
123.1,128,4 (d,3Jcp: 7.8 Hz),130.2 (d,'Jrr:25.7 Hz),130"9, 138.9, 140.5, 142.5 (d,
IJcp : tl.7 Hz,), 144.7, 145.8, 149.3, 149.4, 150.00, 150.03. 3tP NMR (121 MHz,
CDCI3) 6 157.6. IR (neat): 2958 (s), 2903 (m), 2865 (s), 1597 (s), 1477 (s), 1451 (s),
1437 (s). 1362 (s), 1007 (s), 864 (s) cm-t. HRMS-(F,SI+): for CezHq:O+NaP calc'd:
1015 .6709 (M+Na)*, observed: 1015 .6750 (M+Na)*. The unpurified reaction rnixture
was purrfied <ln silica gel with 5% ethyl acetate/hexanes as the eluant to afforci a white
solid inlSo/^yield (119.1 mg). Rf :0.84 (10?'0 ethyl acetate, stain in PMA)
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(3 a^R,8 afi )-2.2 -Diethyl-4 04,6,8.8-pentaphenyltetrahydro-
Il,3f dioxolo[4,5-el Il,3,2ldioxaphosphepine (/t,fi)- 3 -12. tH NMR
(40C MHz, CDCI3) E 0.30 (3I{, t, ,I : 7 .6 llz-, CIITCHz), 0.85 (3H, t,
(R,R)-3.42
I,= V.6 FIz, CH3CiIr.), 1.61-1.72 (4H, m, CH3CHz), 4.70 (1H, d' J:8.8 IIz. CIHO), 5.42
(1H, dd, J,.= 8.8 Hz, Jilp : 4.4 Hz, CHO), 7 .09-7 .26 (72H, m, ArH ), 7 .32-7 .34 (2H, m,
ArH)" 7.3g-7.12 (5H, m, ArH).7.53-7.55 (21{, m" ArH),7.72-7.76 (4H,, m, ArH). t3C
NMR t100 MHz, CDCh) 6 8.7, 27.7,30.t), 82.0 (d,3Jsp:22.6H2,\,82.9 (d,tJcr: 4.6
Hz),83.0, 83.5 (d,'Jcp:'7.8 Hz), 115.4, 127.1, 127.2, 127.5. 727.61, 127.67, 127.7,
128.2, 128.4 (d,tJcp:7 Hz), 128.9,I29.0,129.3,l2g.g (d,'Jcr:24H2), 130'8, 141'4
(d,'Jrr: l l .7 LIz), 141.6, 112.1" 146.5 (d.3Jcp: 3.1 Hz), 146.9. "P NN4R (l2l MHz"
CDCI3) S 157.8. IR (neat): 3058 (w),2970 (*), 2a3g (w), 1492 (m),1446 (m), O9a (s)
.m''. HRMS-(ESI+): for CgsHrsO+P calc'd: 601 .2517 (M-tH)-. observed: 601.2517
(lv{+H)+. The unpurified reaction mixture was purified on silica gel rn'ith 5% ethyl
avelatehexanes as the eluant to afford a white solid in 58% yield (283 mg)' Rr: 0.71
(10% ethyl acetate, stain in PMA).
*{l
221
heb7-l24-lH-cIDn
exps s tdlh
SAHPLE
date H8r 23 2008
solvent CoCl3
ff'fe /exportlhose/-
JpF/hcburks /heb7-l*
24-1H-c lin. fid
ACQUISITION
oEc. & vT
dfrq
dn
flprrlr
dof
di
d0n
0
30
il'o r JT'dffi
at
np
sw
fb
bs
tpur
pv
dltof
nt
ct
aloclgaln
I sis
z' .2
-T- - -r- ---r--'T--....1---i- -
I
+ r/ LllTrr--J
It. 03 5 .5015 ,40
? 
' 
LOZ .29
dPt *-*,5"*61.p 30,Q N o e r h c) € vr s N i N rr €{ o otiutl^lSilDtNaD o d 6 r't (q} i o c} {o 
€ 
o N N € € €Frtfi4 1 : : : 1 1 "? i t 1 1': i t ":.Y I t 1 1
rlii
A I l-.r
| )z-..
6
€
o
N
e(r)
1
ldIN/N
i
€
€
o
^
tl
o
N
€
N t|)9Oul
oo
aO(t,t
e
.l)
q
NE
roN
.40
IN\
ph
t\)t\)t\)
eI
I
r{'
€
N;
I
-)qqlq
.]T'
_it-
--T'-*T- _-f--r- -T-.._- l--.----T-
zlOppm
L-Fr Lri + +
4.3i1 3,25?.7t 2.s21.00
V
1.00
r
o
ct
e
l
€X:
e
ca
"l
e
I
$--tro6
.oo
\
tl
tl{
ll
tl
tl
rl
:l#ihebT-l u 4-138-c lrnexp3 stdl3cSA}IPL E OIHar 23 2008 dfrq
solvent c0cl3 dnfi le /export/hone/- dprrr
Jpr/heburxs lheb7 -l* dol24-13C-cl|ln.fld diACQUISITION drI
tn
&t
np
st/fb r42
*gne'*l* ; I
.::i?tr{11
6OFts^\N^N(\aN(YNfqlNGl
dddd{'ddd! not [ged i i
ryr
400. 02s
HI
45
0
vvv
u,
#'oo'3Hs0.6$?
326p6 o
zs683S1:
(o6v!
o6N90rd
GINN
otN
c!t11
F@ |ng
;bs
t pwr
Ptr'dltof
nt
ct
alock
galn
sp
vp
vs
sc
wc
hznn
1s
rfl
rfp
th
lns
ni
57
6.74.000 ebs227'-7 wnt
1 e+08
9 088
n
not used
FTAGStt
ln
dp 3ia.
oEof : I
1isfr
\I_ I g
o
o:
I
ors
€
a
1
6
NID
<il+
-"-t -s-
d
t\J
N)
(.r^)
61.69
500.00
1060.5
0
I
100.000
G'
€:'
a
tlt
ra,a
i
N
I
I
I
I
I
I
no ph
I
3.i
6c)_
5:$d€lq
il
il
,I
il
rt
oi
a
<t
I
L
-)
6
o
c
r)
o
a
.ott
fo
F
€
t,
";
150 -TT*ffi-r1-140 130 120 50 40
he!7 - 124-31P-c lnn
expl sZFul
SAIIPLEdste llar 22 2008
solvent C0Cl3
f I le ,/er(port/hoae1-jpn,/hsburks lheb7-t-
24-31P-clan. f t d
ACQUISITIOII
sfrq 121.425
tn
at
np
8tt
fb
bs
t phrr
pe
d1tof
nt
ct
oEc. & vr
299.948
H1
40
0
vyv
w
s900
5lx--Et- b'
o*rrq,
'_)rd
dfrq
dn
dper
dof
dn
dtrmdtf
dseq
dres
hor|o
Pf,' F
Ph FnP31
I .2E0
, r1810E
4S136.1 PROCESSIIIG
1.0
n
8.00e5400 lbE rrrtf t l€54 proc5.0 fn1.000 nath
verr
vexp
Yrbg
vnt
ft
not usodf
tJ
ttJs
44E9 .5
64
16
alock ngaln not used
FLAGS
tl nln ndpvhs nn
DISPTAY
sp -242L.6
rrp 30070.3
vs 140
sc 0tlc 250hznn 120.28is 354.40
rfl 18426.1
rfp 0th s3
I ns 100.000
n! no ph
2?0 204 180 140
FI Ei
,, \ (3aRr8aR)-4.4,8,8-Tetrakis(3,5-diethylphenyl).2,2-dimethyl-6-
/-'") ,4tet-'\-d,!v-'et phenyltetrahy dro-[1'3] dioxolo[4,5-e] [1,3,2]dioxaphosphepine
t"*,o'l'^o'r- ,^1.
Me- 's,.,..r_-d V/ (n.ft)-3.37. tH NMR (400 MHz, cDCl3) 6 0.17 (3I1, s, (cHr)zc),
E'-C{,}-\,-r,\./ 'ir:J 1.15-i.2i (24H, ffi, cHscHzAr), 1.53 (3H, s, (cH3)zc), 2.53-2.63\/
Et Et(R,R)-3.37 (16I{, CH:CHIAr),4.87 (1H, d,,[:'8.411'2. CHO), 5.63 ([H. dd,./
: 8.8 tlz, Jnp:4.8 Hz. CHOr, 6.85 (.1H, s, ArH). 6.90-6.91 q2H, m, ArH),6.94 (1H, s,
ArH), 7.05 (2H, d,, J -- 1.b Hz, ArH), 7 .!4 (2H, s, ArH), 7 .28 (2H, d, J : 1.6 Hz, ArH),
7.45-7.47 (3H, m. ArH), 7.53 (2H, d, -I: 7.6 Hz,, ArH), 7.83-7.87 (21I, m, ArH). t3C
NMR (100 MHz, CDC13) 615.5, 15.6. 15.8, 16.0,24.8,28.1,29.0.29-1,29.3,82.6,83.0
(d,3,Jr, : 23.2 Hz), 83 7 (d,2Jr:p : '7 tIz),84.4 (d,3Jr'r: 3.9 Hz'5,111.0, 124.6, 124.7,
126.0, 126.4,126.5, 126.6, 126.7 128.2 1d,3Jcp:7 Hz),l30.0 id,2Jcp:24.4H2), 130.4,
141.6, 141.7,142.0 (d,,Jrr: 11 .6Hz), 142.7.143.0, 143.4,143.6. 146.1 (,.d,3,1sp: 1.9
I{z), 147.0. "p NMR (121 MHz, CDC13) 6156.2. IR (neat): 2g62(s), 2930 (s), 2871 (s),
1 598 (s), 1456 (s), 1062 (s), 1 03 5 (s), 873 (s), 7 I 8 (s) c*-1 . HRMS-(ESI+): for
Cs:HosO+NaP calc'd: 819.4518 (M FNa)*, observed: 819.4511 (M+Na)'. The unpurified
reaction mixture was purified on silica gel with 594 ethyl acetateArexanes as the eluant to
afford a w'hite solid tn 36V'o yieid (210 3 *g). Rr : 0.62 (10% ethyl acetate' stain in
P\,1A).
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J.5.4.3. General Procedure for (R,R)-TADDOL-Derived Phosphonites with Substituted
Aryl Phosphines.
Preparation of (3aR,9aR)-z,2-Dimethyl-4,4,8,8-tetraphenyl-6-o-tolyltetrahydro-
[l,3Jdioxolo[4,5-eJfl,3,2Jdioxaphosphepine, The fcllowing procedure was adapted from
a previouslv reported procedure by Seebach.3l 'fo a 100-mL round-bottomed flask with
magrretic stir bar was added bis(diethylamino)phosphorus (500 p,I',2.37 mmol) chloride
and diethyl ether (7 .4 mL, 0.32 M). The flask was cooled to -78 nC {.dry ice/isopropanol)
and charged with ortho-methyl phenyl magnesium bromide (4.5 mL, 0.58 M) over the
c6urse of t h. The reaction mixture was gradually warmed to room temperature and
allowed to stir overnight. The flask was then cooled to 0 oC (ice/water') and slowty
charged u,ith hy,Jrogen chloride in diethyl ether (7.1 mL, 6.0 equiv) over the course of 1
h. The reaction mixture was allowed to stir for an additional2h at whichtime the solids
were removed by cannula filtration into a flame-dried round-bottomed flask. Volatiles
were removed in vacuo to reveal a yellow oil.
To a separate 100-mL round-bottomed flask with magnetic stir bar was added ovefl-
Cried 1A molecular sieves. The flask was then flame-dried under vacuum and
subsequently filled with nitrogen. The flask was charged with T'ADDOL (1.00 g,2.16
mmol) and tetrahydrofuran (2I mI.,O.1 M), and triethylamine (1 mL, 7.347 mmol). The
flask was cooled to 0 oC (ice/water) an,J allowed to stir for 15 min at which time the flask
was charged with the ortho-tolyl dichlorophenylphosphine as a solution in
tetrahydrofuran (10 mL). The tlask containing the ortho-talyl dichlorophenylphosphine
was rinsed twioe with tetrahydrofuran (5 mL x 2). The reaction mixture was gradually
229
warrne4 tg roorn remperarure anci allowed to stir overnight. Diethyl ether was added to
rhe rcaction rnixture to precipitate triethylaiirine hydrochloricls salis which were then
remove4 by filtration over Celite. Solvent was removed by rotary evaporation to afford a
tbam whrch w?rS purified b), column chromatography on silica gel with 2Yo ethyl
aceiateihexanes as the eluant. A wnite sohd r,vas isolated in 139'o yield (165 mg)
pn Ph
y:ftro-o,=1;>
M"- to,"\rr-O
- tn4n" *!
(BR)-3.45
(3 art,8 aR )-2,2 -Dimethyl-4,4,8,8-tetraphenyl-6-a-
tolyltetrahydrb- [ 1,3] dioxolo [4,S-el [ 1,3,2 | dioxaphosphepine
(ft,^R)-3.45. tH NVIR 1400 MHz, CDCI3) 6 0.21 (3H. s, (CHr)zC),
1.5-l (3H, s, (CHr)zC), 2.36 (3II, s, C.HrAr),4.79 (1H, d,J:8.4 FIz, CHO), 5"7(l (1H, dd,
.I: 8.8 Hz, ,) 41o-- 4.8 Hz, CHO ),7 .17 -7 .36 (1 1H, m, ArH) ,7 .3g-7 .43 (6H, m, ArH) . 7 '48'
7.50 (2H, ur, ArH).7.56-7.58 (2II, m, ArH),7.84-7.86 (2H, m, ArH),8.23-8.26 (IFI, m,
ArH). "C NMR (100 MtIz,, CDCI3) d 20.5 (d,tJrr:2L8 Hz),25.0,28.0, 82.3 (d, tJe
:23.4H2),82.5 (.d,2Jgp=-3.9H2),S3.3 (d,'Jr-r:7.8H2),83.8 (d,,tJcr:3.9Hr);111.4,
127.22, 127.27, 127 3, 127.5, 12.7.62. 127.68, 127.7, 127.8, 128.L 128.8 (d,3Jcr: 3.1
LIi), 12g.3 (d,2,Icp:8.6'Ht), 12g.6,1:i0.4 (d,tJrr:4.7 Hz),138.9 (d,tJcp: 14.4Hz),
141.4 (d,2Jcr:29.6H2), I41.6(,J,'4p: 1.6 Hz), 142.1,146.2 (d,3-trr:3.1 Hz), 146.7.
3'p NMR (t2t MHz, CDC13) 6 153.4. IR (neat): 3055 (w),2995 (w), 2918 (w), 2888
(u,), 1596 (s), l4g1(s),798 (s) cm-l. HRMS-(ESI+): for c:eHrooaP calc'd:587.2351
(M+I{)+, observed: 587.2338 (M+H)*. The unpurified reaction mixture was purified on
silica gel with 2o/o ethyl acetate/hexanes as the eluant to afford a white solid in 13% yield
(165 mg). Rr-- 0.66 (10% ethyl acetate. stain in PMA).
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o' \-;t 1t<t [l,3ldioxolo[4,5-elll,3,2ldioxaphosphepine. tH NMR (500 MHz,
^./\ ir^ph'bn
CDCI.) 62.43 (6H, s, CH3Ar), 3.6S (lH, s, OCHnH3O), 4.62 (1I{, d, J -- 7.5 Hz, CHO),
5.10 (1H, s, OCHaH3O), 5.64 (1I{, dd,J:8 Hz, Ji-rp:5.5H2, CHO)' 7.17 (1H, s, ArH),
7.20-7 .36 (8H, m. ArH) , J .38-7 .44 (6H, m, ArH) ,7 .48 (2H, d. J : 8 Hz, ArH;, 7 '54 (2I{"
d, :/: 8 FIz, r\rH), 7.63 (d, J - 8.5 Hz, ArH), 7.8 | (2H, d, I -- 7 .5 Hz.ArH). ttc NMR
(l2S NII{2, CDCI:) 6 21.7,81.0 (d,tJr, : ?6.3 Hz),82.22 (d,'Jrr: 3.8 Hz),, 82.30 (d,
'Jro - 7.12 Hz),85 32 (d, tJcr: 4.4 Hz),95.9, 127.3, 127.4. 127.50, 127.55, 127.72,
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MHz, CDCI3) 6 159.4. IR (neat). 3061 (w),292t (w), 2869 (tv).2249 (u'), l'447 (m),
904 (s), 724 (s'1,6a8 (s) crrr-t. HRMS-(ESI+): for C3,H:+O+P calc' d: 573.2195 (M+fD-,
observed: >73.2188 grzt+H;*. The unpurified reaction mixture was purified on silica gel
with Zo/o ethyl acetatb/hexanes as the eluant to afford a white solid in l4o/oyield (172mg).
Rr= 0.41 (ICe/o ethyl asetate. stain in PM,\).
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(3alt,8aft )-4 14,6,8,8-Pentakis(3,5-d imethylphenyl)-2'2 -
nn.{j*!:, dimethyltetrahydro- [1 ,31 dioxolo [405-
pJ,Me*,r'
.r^.4.r"Xo, (*d"-"'u4' elll,3rlldioxaphosphepine (lR,R)-3.44. 'H NMR (400 MHz,
Me.--,zV V-". Meli ti/ \V \=-/-t" CDCI3) 6 0.26 {3H, s, (CH3)2C), 1.60 t3H, s, 1CH3)zC-),2.29-2'4(l
,\:
|}4e Mi
ilt" ud'
(R,R)-3.44 (30I{, m. CHrAr),4.82 (1H, d, J:8.4 Hz, CHO), 5.57 (1H, 'Jd,J
== 8.4 Hz.J1;,- 4.8 IIz. CHO),6.85 (lH, s, ArH),6.91 (2H, s, ArH).6.94 (1H, s, ArH),
7.t3-7.15 (5H, m, ArH),7.48 (1H, s, ArH), 7.4g (lH, s, ArH), 7.54 (2FI, s, ArH)." t'Cl
NI\{R (100 YHt, CDCI3) 6 21.6, 21.7, 27.8, 25.2,28.1 , 29.9, 82.3, 829 (d,'Jcp =-
24.2H2), 83.1 (d, tJrr: 7.0 Hz),84.3 (d, tJrr: 3.9 Ht), 111.4, 125.4- 125.5, t26.1,
127.3,,127.5,127.8, 128.9 (d,tJrr: 13 .3 Hz), 12g.1,132 1. 1362. ilO.g, 136.9, 137.2,
137.8 (d,'.Irr:7.0H2), 141.51,141.56 (d, IJcp: II.7 Hz), 147.7,146.3 (d,tJr, - 3.9
tfz),146.9. 3tp NMR (t2l MHz, CDc 13) 6 157.2. IR (neat): 291:, (rn), 2854 (m), 1500
(m), l4S7 (m), 1158 (m),883 (m) rm-t. HRMS-(ESI+): for C+zHs+O+P cals'd:713.3760
i.\{+H)f, observ ed: 713.3773 (M+H)+. The unpurified reaction mixturc was purified on
silica gel with ZYo ethyl acetate/hexanes as the 
'eluant to afford a white solid in 7o,ir, yield
(112.S mg). Rr: 0.51 (10?6 ethyl acetate, stain in PMA)
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,*rzo*ltqr_11
Mer'o,, ';;--\4 etraphenyltetrahydro-[l,3ldioxolo[4'5-
Pn' bn Me(RR)-3.43 elu,3,2ldioxaphosphepine (ft,ft)-3.43. tH NMR (400 MHz,
CDCIr) 6 0.21 (3I{, s, (CHr)zC), 1.56 (3H, s, (CH3)2C).2.41 (6H, s, CH3Ar),4.78 (lH, d,
,,I: 8.8 Hz, CHO), 5.62 (lH, dd, J: 8.8 tIz, J,tp:'4.8 Hz, CHO), 7.15 (lH, s,ArH),
7.lg-7.38 (12H, m, ArH),7.45-7.50 (6H, m, ArH),7.62-7.61 (2H, m. ArH),7.88-7.90
(zH,m. ArH). t'C NMR (100 MHz, CDCI:) 6 21.7,24.g,28.0, 82.2,82J (d,3Jcp:
23.4H2),83.3 (d,'Jcr:7.7 Hz),84.1 (d, tJro:3.8 Hz), 111.4. 127.21,127.26, 127.3,
127.4, 127.5,127.6, 127.7,128.1 (d,'Jrr: 17.2Hz), 128.6,128.7, 129.5,1j2.6, 137.9 (d,
'Jrr:7.8 Hz), 140.9 (d,'Jrr: 10.9 Hz), 141.5, 142.0, 146.0, 146.9. "P NMR (121
MHz, CDCI3) 6 158.0. IR (neat):3057 (w),3001 (w), 2gl4 (w), 1600 (s), 1046 (s),872
(s) cm-r. HRMS-(ESI-I): for CrqH:sO+P calc'd: 601 .2479 (M-H)*, observed: 601.2508
itrzt+H1*. The unpurified reaction mixture was purified on silica gel with 2o/o ethyl
acetatelhexanes as the eluant to afford a white solid in260/o yield (344.6 mg). Rr:0.59
Q0% ethyl acetate, stain in PMA).
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2B 0 -20 ppfil?20 zE0 180 160 140 t?g 100 80
pn Jn (3a.R,8aft)-6-(4-Methoxyphenyl)-2,2-dimethy-l-4'4,8,8-
ruu- roY-Q- ,'1
r"X",, (,_o.t-\ 
-A"t* tetraphenyltetrahydro-[03]diorolo[,{,5-;-\Ph Fn'(R,R)-s.4s elll,3,2ldioxaphosphepine (ft,R)-3.45. tH NMR (500 I\{Hz,
CDCI.) E 0.20 (3H, s. (CH3)zC), 1.54 (3H. s. (CHr):C), 3.87 (3FI. s CHrO Lr5,4.77 (1I{-
J= 8.5 I{2, CHO),5.59 (1H, dd,.I:8.5 lfz.Jrtp:4.5 FIz, CHO7.7.A4 (2H,d,1-:8.5 Hz,
ArH), 7.|6.7 ,35 (12H, m. ArH) ,7 ,43.7.47 (.4H, m, ArH) ,7.58 (2F{', d, .I : 7.5 LIz. ArH),
7.81 (.2h, t, J .= 7 .5 EIz, ArH), 7 .86 (2H, d,, J -- 7 Hz, ArH). t3C NMR (125 MH2, CDCI:)
6 28.0, SS.4,B2.l (d, 'Jrr: 3.4 Hz),82.1 (d, tJrr: 18.4 Hz),83.1 (d, 'Jrr: 6.1 I{z\,
84.0 (d,',Jr, : 3.2 Hz),111.1 , 114.2 (d, 3,Jc, : 6.7 Hz), 127.2, 127.31, 127.34, 127.4,
127.5,127.6, 127.73,127.75, 128.0, 128,2, 128.7,128.8, r2g.4,131'.8 (d,'Jr,o= 20.8 Hz),
132.7 (d^'Jcr: 12LIz), 141.5,142.1,146.0, 147.0,161.9. "P NMR (l2I MHz, CI)C13)
6157.2. IR (neat): 3059 (m), 3024 (m), 2991 (m), 2933 (m), 1736 (s), 1498 (s), 1405 (s)'
I ) /c\ Aoo r'o\ .,nr-l HRMs-rtrsT+\: for C tlc'd: 625.2120l2t5 (s), lll2 (s), 699 (s) cm-r. S-(ESI ): c33H:so+NaP ci
(M+Na)*, observed:625.2116 (M+Na)*. The unpurified reaction mixture was purified on
silica gel with Zo/o ethyl acetate/hexanes as the eluant to afford a white solid in 5o/o yield
(62 mg). Rr: 0.37 (10% ethyl acetate, stain in PMA)
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J. 5. .5. Gene ral Pro c e d u r e 
-fo r Dien e D ibor atio n /Allylutio nloxidatio n-
In a dry box. a 6-dramvial with magnetic stir bar was charged with Ptz(dba)3 (8 mg,
7.3 pm6l). (R,R)-xylylTADDOLPPh (,1t,^R)-3.33 (12 mg,0.017 mmol), and toluene (2.9
mlo C.l IvI). After stirring for t h. B2(prn)zQ8 mg,0.31 mmol) was added to the mirture
followed by trarts-p\perylene (22 mg, 0.2g rnmol). The vial was sealed with a
oolypropylene cap, removed from dry box, and stirred at 60 
oC fsr 14 h. The reaction
mixture was cooled to ambient temperaflrre and charged with freshly washed (10%
sodium carbonate followed by sodium sulfite) and distilled benzaldehyde (35 pL, 0.35
mmol). The reaction was allowed to stir at room temperature for 24 h at which time the
reaction mixture was cooled to 0 oC (iceiwater) and charged with tetrahydrofuran (3 mL),
3 IU sodium hydroxide (2 mI.), and 31lo hydrogen peroxide (1 mL). The reaction was
gradually warmed to room temperature anci allowed to stir for 12 h at which time the vral
was cooled to 0 oC (ice/water). Saturated sodium thiosulfate was added dropwise over 5
min, the reaction mixture was diluted with ethyl acetate and transferred to a separatory
funnel. The aqueous and organic layers were separated, the aqueous layer w'as rinsed
three trmcs with ethyl acetate. The organic extracts were combined and washed with
brine. The organic layer was dried (I.JazSO+), filtered, and volatiles were removed by
rotary evaporation. The unpurified reaction mixture was purifietl on silica gel with 509/o
ethyl acetate/hexanes as the eluant to afford a white solid in82% yield (52 mg).
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OHi -/te (1,S.2^g)-1-Phenyl-2=((Et-prop-1-enyl)propane-1,3-diol' 'I{ Nil{R
,a.==.'t--r-^'\-N
"-;) t,o* (400 MlIz. cDctl.i b l.4B-1..59 (3H, m, cH3).2.38 (lH, t, J:5.(t\1r,,
cH).2.50 (.1H, p,J:6.Q I{2, CHCH2OH), 2.64(1H, br s, oID,3.63 (1H, dd, J: t0'8,
5.4lfz,HocHaHe), 3.71 (1H, dd. J'-- 70.8, 5.7 EIz,HOCHAH*), 4.66 (1H, dd,./'J'4'
3.4 H," PhCHOH), 5.14 (1H, ddq, i - 15.2, 8.'1, t.6 t'[2, CIICH3), 5'31 (1II' m'
CFirCt{CH),7.20-7.30 (5H, m, ArH). "(; NMR (100 MHz. Cl)tll:) 618.3,51.3' 'o5.3,
7g.1, ie.s, t27.7; r2j.g,128.3, t2g.z, 142.9. IR (neat):3329 (s). 3029 (m), 2916 (s),
':
zggz (s), l4g3 (s), 1014 (s), 69g (s) .m-t. HRMS-(ESI+): for crzHreozNa calc'd:
215.1046 (M rNa)*, observ ed: 215.1048 (MfNa)*. The unpurified reaction mtxture rn'as
purified on siliea gel with s[%ethyl acetate/hexanes as the eluant to afforcl a white soiid
in 82% yield (52 rng). Rr: 0.44 (50% ethyl acetate, stain in PMA)'
proof of Enantiopurity. F,nantiopurity was determined by treatment of l-phenyl-2-
propenyl-propane- I ,3 -diol with Z,}-drmethoxypropane and catalytic p-toluenesulfbnic
acid at 60 oC for 5 min. 1ne unpurifietl mixture was passed through a silica gel plug with
l0% ethyl acetate/hexanes as the eluant The resultant ketal was compared to rasemic 1-
phenyl-2-propen)'l-propane-1,3-diol, which was formed from the diboration of trans'
piperylene with tricyclohexylphosphine (see 3.5.5. General Procedure tbr Dierre
DiborationiAllytation/Oxidation).
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5.5.6. Ligand-Free Diboration/Altylation/Oxidation. of 
.trans-Piperylene.
In a dry box, a 6-clram vial wirh magnetic stir bar was charged wit'h Ptz(dba) -z (24 ng,
22.0 pmol) and toluene (4 4 mL,0.1 M). After stining for t h, B2(pin)z (117 mg, 0.4b2
mmol) was added to the mixture followed by trans-piperylene (30 0 *g, 0.440 mmol).
'I he vial was sealed with a polypropylene cap, removed from dry box, and stirred at 80 
oC
for 1 4 h. 'fhe reaction mixture was cooled to ambient tentperature and charged with
freshly washed (10% sodium carbonate followed by sodiurr, sulfite) and distilled
benzaldehyde (50 pL, 0.46 mmol). The reaction was allowed tc stir at room temperature
for 24 h at which time the reaction mixture was cooled to 0 oC (ice/water) and ch-arged
with tetrahydrofuran (3 mL), 3 M sodium hydroride (2 mL), and 30% hydrogen peroxide
(l mL). The reaction was gradually \&.affned to room temperature and allowed to stir for
12 hat which time the vial was oooled to 0 oC (ice/water). Saturated sodium thiosulfate
was added dropwise over 5 min, the reaction mixture was diluted with ethyl acetate and
transferred to a separatory funnel. The aqueous and organic layers were separated, the
aqueous layer was rinsed three times with ethyl acetate. The organic extracts were
combined and washed with brine. T'he organic layer was dried (Na2SOa), filtered, and
volatiles were removed by rotary evaporation. The unpurified reaction mixf.ure was
purified on silica gel with 50% ethyl acetatelhexanes as the eluan', to afford a clear oil in
58% vield (a9 mg).
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rre\,---\ lz)-4-Methyl-5-phenylpenr-2-ene-1,S-diol. tH NMR (400 MIIz,
:l
ri\ ort-ott\') cDCh) 6 0.78 (3H, d, .I: 6.8 Hz, CHICH), 2.67 (1H, br s, oH), 2.84
(lH, br s, OH),2.80-2.86 (1H, m, CHCH:), 3.92-3.98 (1H, nt br, CHIHeOH), 4.21 (1H,
dd, J: 1,2.2,8 2 Hz, CH.qHnOH)" 4.26 (1H, d, ,l ': 8.4 Hz, PhCH), 5.49 (1H, t, ,I : 10'4
Hz,HtCCHCHC),5.82-5.89 tlH, m, CCHCItzOH), 7.27-7.30 (5H' m, ArH). ''C NMR
(i00 MHz, CDC|) 617.7.40.1, 58.7,'78.2, 126.9,128.0, 128.4. 130.2, 136'2, 142'7' IR
(neat): 3331 (br s),3028 (m), 2963 (m), 2g28(m), 2814(m), 1454 (s), 1030 (s). 1002 (s),
762 (s), 700 (s) cm-r. HRMS-(ESI+): for CrzHroOzNa calc'd: 215.1048 (M+Na)",
observed:215.1043 (M+Na)*. The unpurified reaction mixture was purified on silica gel
with 50% ethyl acetatelhexanes as the eluant to afford a clear oil in 58% yield (49 mg't.
Rr: 0.33 (s}%ethyl acetate" stain in PMA).
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3.5,7. General Proeedure for Diene Synthesis,
In the dry box, to a flame-dried 250-mL round-bottomed flask equipped 'vith a
rnagnetic stir bar was adde,J potassium tert-buroxide (732 ffi8, 6.53 mmol) and
triphenylphosphonium bromide (2.S0 g. 7.83 mmol). The flask was sealed with a septurn,
removed from the dry box, and placed under a nitrogen atmosphere. The flask was
charged rvith THF (8.7 mL,0.25 M) ancl the yellow suspension was allowed to stir for 5
min at room temperature. trans-Cinnamaldehyde was added dropwise over 5 min to the
yellow suspension and the reaction mixture was allowed to stir for 20 min. Solids were
removed b1, filtration over Celite and the unpurified yellow oil was purified by r:olumn
chromatography with pentanes as the eluant to afford trans-l-phenyl-1.3-butadiene as a
clcar oil q283 ffig, 77% yield). Spectral data for dienes are in accordance with the
literature : trans-l -Phenyl- 1 ,3 -butadiene,J2 trans-l -cyclohexyl- 1 ,3 -butadiene.33 trans-l ,3-
decadien 
",to 
trans-6-pherryl- 1 ,3-hexadiene,32 trans-S,5-dimethyl- 1 ,3-hexadiene.3s
J. i. 8. S ubstr ate S c op e fo r Dien e D ib or atio n/Ally latio n/Oxidation.
. ojl.o-..-._"" (1,S,2O- z-((D-Bur-l -enyr)-l-phenyrpropane-l,3-dior (Tabre 3.11,lr I I
'\) \o* entry l). 'g (SOO l{Hz. CDCI3) 6 0.83 (3H, t, J:7.5 Hz, CHr(lHz),
t.g1 (2H, p, ,,1 : 7 .5 Hz, CH3cHz), 2.57 (1H, m. CHCH2OH), 3.72 (1I-I' dd, J:10 5 , 4.5
Hz, HOCHaH'CH), 3.8d (1H, dd, J -- 10.5, J.3 Hz, HOCHAHnCH). 4.73 (11I, 'J, J = 7.5,
Hz. PhcHoH), 5.16 (lH, ddd, J : 15.5, 8.7, l.2Hz, CHCHET), 5.42 (1H, dt, J - 15.5,
(32) Yeh, K.- L.; Liu, B.; Lo, C. 
-Y.; Huang, H.--L.; Liu, R. -s. J. Am. Chem. soc 2002. 124,6510.
(33) Habrant, D.; Stengel, B ; Meunier, S.; Mioskowski, C' Chem' -Eur' J' 2007, I 3' 5433 '
134; Mcyers, A. I.; Ford, M. E. J. Org. Chem. 1976,4i,1735'
igsi nou.rri, E.; Monnat, F.; Vogel, P.: Schenk, K.: Roversi, P. Helv' Chm' '4cta2002,85,733'
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c.ri i{2, cFt(-HEt},7.24-7.J4 (.5I{, m, ArH}. ''C NMR (125 MlIz, CDCI:) $ 13.7,25.8,
5l 4" 65.4.78.2..125.5.. 126.7. 1.27.7,128.3, 136.4, i43.0. IR (neat): 3370 (br's), '1062
(vr)" 30-t0 (n'1,2961 (s), 2930 (;n), 2873 (m), l4gl (w), 1453 (s), 1043 (s). 96S (nii, 751)
(s).69tr ('s),;rnt. HRMS-(ESI-r): fcr Cr:HrrOzNa calc'd: 229 120,4 (M+Na)*. observed:
22q.1201 (M+Na)-. The unpunfied reaction rnixture was purified on silisa gel rvith 509'i
cthyl acetateihexanes as the eiuant to arT<lrcl a r:lear oil in 54% f ielcl (47 mg'1. Rt = 0.51
(5.0?i, ethl'l acetate. stain ln PIr'Ir\)
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ChIrql GLC (B-dex. Supelco, 140 "C) - analysis oJ'the acetonide o"f (lS,2S)-)-((E)-bur-i-
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OHr (1s'02,S)-2-((E)-Oct-1-enyl)-1-phenylpropane-1'3-diol
{\. ..\. \,,'\ ----\-/- lrrlell I I 
''{./'' \o* (Table 3.11, entry 2). tH lsoo MHz, cDCl3) 6 0.86 (3H, t.
J:7.5 Hz, CH3CFI2,), 1.09-1.26 (8H, m, (CH2)+), 1.86-1.91 (2H. m, CCCHz)' 2.46 (.1II'
br s, OH), 2,59-2.63 (1H, m, CHCH2OH), 3.73 (1H' dd. J: 10.5,4'5 Itz, HOCHnHe)'
3.82(1H, dd,-r:11 .0.7.3tI2, HOCHeH3), 4.73 (1H, d,J:8 Hz, PhCHOH),5'15 (1H,
ddt. -I: 15.5, 8.5. I .5 Hz,CIICHAlkyl), 5.38 (1H, dt, J: 15 .5,7.0 Hz, CHCHAlkyl),
7.24-7.36 (5H, m, ArH). t'C NMR (125 MHz. CDCI3) S 14.2,22.7,28.7,29.2,31.8,
32.7,51.6.65.5 ,78.2, 126.5, 126.8, 127.8, 128.4. 135.1 , 142.9. IR (neat): -"334 (br s)'
2954 (s),2923 (s),2853 (s), 1453 (s), 1377 (w), 1015 (s), 967 (s'1,758 (s),698 (s).-''.
HRMS-(ESI+): for CrzHzoOzNa calc'd: 285.183 I (M+Na)*, observed: 285.1841 (M+Na)*.
The unpurified reaction mixture was purified on silica gel with 50% ethyl acetatehexalles
as the eluant to afford a clear oil in 46% yiel<l (39 mg). Rr:0.62 (50% ethyl acetate,
stain in PMA).
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oH (\ (ffi,z,.f)-2-((E;-7-Cyclohexylvinyl)-1-phenylpropane-L'3-diol
.(r,*,/-t/\./'r.- ')
',1,,,/ Lo, (Table 3.11, entry jp. tn lsort MHz, CDCir) 6 0.84-0.94 12H, m-
CyH), 1.05-1.2i (4H, m. CyH\, i.46-1.68 (4H. m, CyH). 1.78-1 81 (lH, m, CyH), 2.'47
(1H, br s, OH). 2.52-2.58 (lFI. m, CHCH:OI{), 2.73 (1H' br s, OH), 372(iH'Cd',/:
l1 C, 5 ilz. FIO('H4HgCI{), 3.Sl (1I{, ,1d, i: il.0- 6.5, HOCI-I1H3C.H),4.71 (it{, d-.;'=
i,5IIz..PhCHOH). 5.09 (1H. dd, J:15.5,8.5 Hz, CHCHC)'), 5.29 (1H,dtl..,I= 15.5.'/.C
Hz. LI|CHC)'), i.21-7.37 (5I{. rn. ArIl). r3C NMR (125 MHz. CDCI:/ E 26.i.l2O.:,}? g,
33:0, 40.9, 51.8, 65.6,78.4^ 124.0,126.9,127.8. 128.4, l4l,I, 14i.1. IR (neat): 3?32 ftit
s),2920(s). l8a9 (s), 1493 (m), 1448(-*). 1013 (s),967 1s),758 (s),698 (s) cm-t. I{RMS-
(FSI+): fci C17FIz+OzNa calc'd: 283. 1674 (lVI+Na)*, observed: 283.1683 (M-tNa)* The
unpurified reaction mixture was purified on silica gel with 50%, eth.vl acetate/hexilnes as
the eluant to afford a clear oil in 2I%yielci (21 mg). Rr: 0.59 (50ozo ettrS'! acetate, stain
in t'Vtn;
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Chiral GLC (p-dex, Supelco, 160'O 
- 
analysis of the acetoni,Je of (lS,2S)-2-((E)-2-
cyclohexylvinyl) - I -phenylpropsne- ,t , 3 -diol
racemlc
3i1.9\D
' lJ,
no
rJ, 
'1n
,1 Il
IIII
I t, I
t l't lt
-, \I
ioir/oxidation
duct
19
ut
lJf
IJ'
ut
269
;qq
u,')
F:
ooio
?ool{o.
'' in
o@eOO
o.
.c
ol
ro.
qcb
o.
ol
?
o
o
h:
)
(t1
E:€?\od€
€
cl'tl{llII *-\i
F\
,rl
ra\6l\
rt\
.i
r"b--.
in \o
F t ACS'-
OISPLAY
Fn
J
I
F
s -'-pls.
t\)\l
r-.J-T-_-
o pFn
- --r ,--, .i-._
87
6.65
heb,7'?g-1-13C-clnn
expl $ePU i
SAI'IPLEdate l.lay 3 ?008
solvent CllCl3fl lc /erportlhore/-jp0/HF8,/heb7-?9-l -'
1sc-clmn.fld
ACQUISITION
sfrq 125 ' 6E0
&vT
493. ;'74
H1
4?
0
vvy
*
7 200
1.0
n
oEc2
0
t
0
n
10d00
1.0
n
dfrq
dn
d pwr
dof
0
tn
at
np
swfb
c13
3 000
2001s6
a
teN
2l
2
(Yt
:
I
t
u)rttt
t;
I
L.)
I
1
ft
not usedf
3336r. I :
18000bs 32
t pvr
pu
dt
tof
nt
cI
a lockgaln not used
F LAGS
55
7.0
2.000
8rE. 6
le+06
544
n
ll
1n
dp
hs
PROCESSlNC
r.00iie
rrf t
iI{",r'lo',-,rr' , ;r,-j_T ,-; ._"_;;j._l__l_r __i_.:__r+_"---.---+:,-1-l-1---;f---T-,-- r--,!-'-- I-----l:-'--*-
tno rio tzo 110 100 90 Ep 7n 60 s0 40 30 ppr
ilh aE
.6
rG'
' N{9p icj
lit;/l
n
n
v
nn
I
.8
47
0
50
95
00
,l
.5
IE
00
83.
37
5
2
?.9
0.0
JJ.
96.
.00
DI
p
p
So
cE
r.
znE
s1il|fplhl
nsl
D P,Jc?l
5
!r
vs
5C
v
h
is
rf
rf
th
i
ful
oi
Nq
I
I
I
I
I
I
I..J
.J
SPLA Y
?5r
L57
6
50
136
96
100
.
.
0
cPho
A
1
€
N
d
I\
6
e
6
€
a?
o€
€.
N€
€l
ryl
t(tiIl
II
I
tl
:!
I
I
o:
6
I
I
I
I
I
f,t
i
a
{D
I
I
i
qt
Hslj
I
l
-1.5.9. General Procedure for Diene Diboration/Oxidation.
In a dry hox, a 6-dram vial with magnetic stir bar was charged with Ptz(dba): (6 mg,
5.5 pmol), (R,R)-xylylT'ADDOLPPh (ft,^R)-3.33 (9 mg, 13.2 pmol), and toluene (2.20 mL,
0.1 M). After stirring for t h, B2$in)z (-s4.0 mg,32.1 pmol) was added to the mixture
fcrllorved bV (r;-i-cyclohexyl-1,3-butadienc (30.0 mg,22.0 pmol). Ihe vial was sealed
with a polypropyiene c&p, removed from dry box, and stirred at 60 oC for 14 h. The
reaction mixture was cooled to 0 oC (iceiwater) and charged with tetrahydrofuran 13 mL)'
3 Iv{ sodium hydroxide (2 m[,), and 30% hydrogen peroxide (1 mL). -fhe reaction was
gr-adually wanned to room temperature and allowed to stir for l2hat which time the vial
was cooled to 0 oC (ice/water). Saturated sodium thiosulfate was aclded drtlpwise over 5
min, the reaction mixture was diluted ethyl acetate, transferred to a separatory funnel.
T'he aqueous and organic layers were separated, the aqueous layer rvas rinsed three times
with ethyl acetate. The organic extracts were combined and washed u'ith brine. The
organic layer was dried (l.ia2SO4), filtered, and volatiles were removed by rotary
evaporation. The unpurified reaction mixture was purified on silica gel with 50o,'o ethyl
acetate/hexanes as the eluant to afford a clear oil in 8U% yield (31 mg).
3.5.10. Characterization of Substrates in Table 3.12.
oH (oH (R,Z)-l-Cyclohexylbut-2-ene-1,4-diol (Table 3.I2, entry 1). 'I{ NMRrl
ftv /at\r\rrrr- rlnrrr \ q no.' 1 n 1 l'llr 11.\-, (400 MHz, CDCI3) 6 0.89-1.01 (2H, m, CyH), 1.10-L25 (3H, m, CyH).
1.34-1.41 (1H, m, CyH), 1.65-1.90 (5H, m, CyH),2.38 (2H, br s, OH x 2). 4.06-4.15 (1H'
m, CHTH'OH). 4.06-4.15 (1H, m, CHOII), 4.2g (lH, ddd, J - 12.8.7.6, 1.6 IIz,
272
cftaHso+Ih 5,55 (1H, ddt, .l : 11.2. 8.4, 1 6 H4 CHOIICHC), 5.77 (1I;{, rn,
ccHC{IzOiIi. "C NMR (100 Ir4Hz, CDCI:) 6 26. !, 26.2, 26.6,28.7,28.8, 43.g" 58.8,
72.2,130.9, 133.9. IR (neaq:3325 (br s), 2923 (s), 2851 (s), 2300 (w), 1449 (m) 1015
r.s) cm-i. HFI4S,(ESI+): for CreHrsOeNa calc'd: 19-j .1204 (M+Na)*, obsert'ed: i93-1199
(Xzr+Na)*. The unpurified reaction mixtrrre was purified on silica gel with 50% ethyl
acetate/hexanes as the eluant to afford a clear oit in il}%yield (31 mg). &: 0.17 $A%
ethvl acet#e,stain in PMA).
Proof of Configuration.
Procedure for ozonlysis of the l,4-tlihydroxylation product. To a 75'mL round-
boitome.J flask with magnetic stir bar was added (R, Q-1-cyclohexylbut-2-ene-1,4-diol
(11 mg, 64.6 pmol) and dichloromethane (1.6 mL). The flask was cooled to -78 oC ldry
ice/isopropanol) and treated with ozone until a pale blue color r,r'as observerJ. To the
cooled solution was addecl nrethanol (1.6 mL) and sodium borohydride (24 mg, 37.8
mmol). 'fhe reaction mixture was gradually warmed to room temperature and allowed to
stir for 2 h atwhich time volatiles were removed by rotary evaporatioir. f'he solicl resirJue
was dissolved in ethyl acetate and water and transferred to a separator.v funnei. The
aqueous and organic layers were separated, and the aqueous layer was washed three times
with'ethyl ecetate. The organic extracts were combined and washed wittr brine, dried
(NazSO+). filtered, and concentrated by rotary eraporation. The resultant oil was purified
by column chromatography on sitica gel r,vith 50% ethyl acetate,thexanes as the eluant to
afforrl a clear oil in 79% yieid (9.3 mg). The oil was treated with 2,Z-dimethoxypropane
273
and cataiytic p-t{uenesulfonic acirt ar 60 oC for 5 nrin. Thc unpuritiecl mirJure rves
passeci through a silica gei plug with 10% ethyl acetate/hexanes as the eluant. The
resultant ketal was compared to racemic ketal of 1-cyclohexyleth'lne- i,2-diol prepared
rrom treatment of vinyl cyclohexane with rrsmium tetraoxide and 4"methyrl morpholine
N,c:iicie. The authenric sanrple was prepared from the SharplesS os]'lrimerrlc
.lihvcroxylation .rf vinyt cyclohexane utilizing AD-mix cr.16
Chiral GLC (B-dex, Supelco. 130'C) - analysit o.l the acetonide of i-cS'glohexyle.Ihune-
!.2-diol
H
raQemlc
(36) Ber:ker, I{.; King., S. B.; ]'anrguchi, M.; Vanhessche. K
6A,394Q.
authentic reaction product
and racemic
M[n
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,\j lg,4-l-Phenylbut-2-ene-1,4-diot (Table 3.12, entry 4). 
tH tlliltR (500
MHz, CDCI3) 6 1.8-2.0 (1H, br s. OH), 2-3--1.5 (1H, br s. OH), 4'23 (1H,
dd.-I:13.2,4.3 Hz,HOCH,q,Hg), 4.43 (1I{,.Cd,J:13,5.5 Hz,HOCHnHn),5'57 (tH,d,
.I: 7.0 Hz. CCHCHOH), 5.79-5.81 (1H, m, PhCHOH), 5.79-5.81 (tH, m, CCHCH2OI{).
7.2g (lH, tt, J : 6.8, 2 Hz, p-ArH), 7.34-7 .40 (4H, m, ArH). t:'C NMR (125 MHz,,
cDCl3) 6 59.0, 70.3, 126.1, 127.g,128.8, 130.2' 134.6' 143,2. IR (neat): 3319 (br s),
iAZ6(m), ZgZ3 (m), ZBS4(m), 1450 (m), 1016 (s),968 (s),845 (s),696 (s) cm-r. I{RMS-
(ESI+): for CroHrzOzNa calc,'d: 187.0735 (M+Na)*, observed: 187.074t (M+Na)*. The
unpurified reaction mixture was purified on silica gel with 50% ethyl acetate/hexanes as
rhe eluant to afford a white solid in 83% yield (S3 mg). Rr : 0.1 6 (50% ethyl acetate,
stain in PMA).
Proof of Configuration.
The 1,4-dihydroxylation product (S, Q-1-phenylbut-2-ene-1,4-diol was treated with
ozone in the procedure described for (R,h-1-cyclohexylbut-2-ene-1,4-diol. The resulting
1,2-diolwas treated with Z.2-dimethoxypropane and catalyic p-toluenesulfonic acid at 60
oC for 5 min. The unpurified mixture was passed through a silica gel plug with 10%
ethyl acetatelhexanes as the eluant. The resultant ketal was compared to racemic ketal of
I -phenyl-ethane- l,2-diol prepared from the dihydroxylation of styrene with osmium
tetraoxide and 4-methyl morpholine N-oxide. The authentic sample was prepared from
the Sharpless asymmetric clihydroxylation of styrene utilizing AD-mix 4.36
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oH aoH (R,4-Dec-2-ene-1.,.l-diol (Table 3,12, entry 2). 'H l+N'tR (400
Mg-=,,^--r-- - 
-\-) MI{2, CDCI:) e 0.87 (3H, t,J:6.8H2, CHrCFlz),1-22-1.28 (8H'
br s; (CHz)+), 1.30-1.46 (1H, m, CH:CH4H3CHOH), 1.56-1.60 (CHzCHaHnCIIOH)'
4.09 (1H. dd, J = I?.9,5.6. Hz, IIOCHAHBC), .+.30 (1H, dd, J : I3.2,7.5 Hz,
I{OCHAH'C), 4.42 (1F, Q, ,I : 7.0 IIz. CH2CHOH), 5.54 (1}I' dd, -I: 1i.2, 8 4 Hz,
CCHCHOFI), 5.70(1FI, ddd, J:71.2,7.6,5.6 Hz, CCHCHzOH). t'C NMR (100 MHz,
cDclr\ 614.2,22.7,25.4-29.3,31.9, 37.5,58.7, 67.9,130.3, 135.5. lR (neat). 3314 (br
s), 2955 (s), 2855 (s), I45g (m), 1378 (m), 101 8 (s) 
"m-' 
. IIRIUS-(ESI+): for
CrcrH:oO2Na calc'd: 195.1361 (M*Na)-. observed: 195.1 372 (l\4rNa)*. The unpurified
reaction mrxture was purified on silica gel with ,5094 ethyl acetate/hexanes as the eluant
to afford a clear oil in 83% yield (31 mg). Rr:0.16 (50% ethyl acetate, stain in PN'IA).
Proof of Configuration.
The 1,4-dihydroxylation product (R,n-dec-2-ene-1,4-diol was treated with ozone in
the procedure described for (R,n-l-cyclohexylbut-2-ene-1,4-dio!. The resulting 1,2-diol
was treated with Z,Z-dimethoxypropane and catall'tic ;:-toluenesulfonic acid at 60 
oC for
5 mrn. The unpurified mixture was passed through a silica gel plug with 10% ethyl
acetatelhexanes as the eluant. The resultant ketal was compared to racemic ketal of
octane-1,2-diol prepared from dihydroxyiation of octene with osotnium tetraoxide and 4-
methl,l morpholine N-oxide. The atrthentic. sample was prepared from the Sharpless
asymmetric dihydroxylation of octene utilizing AD-mix 4.36
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hebT-89-COSY
Pu: s.e Sequencc, . COS /
solvent; cucl JArblent tenperature
GEIIINI-40088 'nnr8'l
Relax. delay 1.000 sec
Acg. t lre 0 .17E sec
trf dBh 2877 .Z Hz
20 vf dth 2877 .2 Hz
150 repetltlons
128 fnsrelents
0BSERVE Hl , 400.0?68145 l4Hz
DATA PROCESSIilGSq. slne bell 0.0E9 sec
F1 OATA PROCESSINGSq. slne bell 0.044 s€c
FT slze 2048 x 204ETotal tlne 6 hr., 59 lln, I sec
^Iro$oHHcj" IMe-./-^r\ He
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Fl (ppn)
oH .-oH (R,A-6-Phenylhex-2-ene-1,4-diol (Table 3.1! entry 3)r tH Nlv{R
,r't1r--^--"\lli ) (400 MHz, CDC13) 6 1.59 (1H, br s, OH), r.75-2'01(1H, br: s, oH)'
1"79 (lH, m, CHTHBCI{OH)" 1.95 (1H, m, CHAHBCHOH), 2.69 (2H, m, PhCHz),4.13
{1H, dd, J: 13.2,6Hz,CHAH:OH),4.25 (1H' ddd, J: 13'2,7'2,l'6H2, CHIHnOH),
4.45 (lH, g., J : 7.0 Hz, CHOH), 5.62 (lH, ddt, J : 1I.2,8.0, i .6 Hz, CHOHCHCl, 5'75
(lH, ddd, J= 11.2,7.2,6H2, CHCHzOH),7.17-7-21 (2H,m, ArH).7.26-V'30 (3H, m,
ArH). r3C NMR (100 MHz, CDCI3) 6 31.8, 39.0. 58.9, 67.4,126.0,128 4, 128.5.130.6,
13-5.1, 141.6. IR (neat): 3312 (br s),3024 (m),2925 (m),2859 (m), 1453 (m), 1012 (s).
696 (s) cm-t. HRMS-(ESI+): for CrzHroOzNa calc'd: 215.1048 (M+Na)*, observed:
215.1039 (M+Naf. The unpurified reaction mixture was purified on silica gel with 507o
ethyl acetate/hexanes as the eluant to afford a clear oil in 78% yield (95 mg). & : 0.25
(50% ethyl acetate, stain in PMA).
Proof of Configuration.
The 1,4-dihydroxylation product (R,Q-6-phenylhex-2-ene-1,4-diol was treated with
ozone in the procedure described for (R,Q-I-cyclohexylbut-2-ene-1,4-diol. The resulting
1,2-diol was treated wifh2.z-dimethoxypropane ard catallticp-toluenesulfonic acid at 60
nC for 5 min. The unpurified mixture was passed through a silica gel plug with 109/o
ethyl acetateftrexanes as the eluant. The resultant ketal was comparecl to racemic ketal of
4-phenyl-butane-1,2-diol prepared from dihydroxylation of 4-phenyl-1-butene with
osomium tetraoxide and 4-methyl morpholine N-oxide.
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oH (aH (,S,4-5,5-Dimethylhex-2-ene-1,4-diol (Table 3.12, entry 5). tH ltMR
ver.\./)
t*'ni," (500 MHz, CDCI,) 6 0.ql Of| s, (CHr)3C),4.08 (lH, dd,J == 9.0, l.0Hz,
(CI{3)3CCH), 4.16(1H, dd, J: l3 .2,5.5 Hz,CHCHaHeOH), 4.33 (1H, ddd' .I: 13'2'7 '5,
1.5 Hz,CFICHAH3OH), 5.62 (1H, ddl, J: 11.5, 9.0, 1.3 llz, CHCHCH2OH), 5.78-5'83
(1IJ, m, CHCHCH2OH). '3C NMR (100 MHz, cDCl:) 6 25.5,35.1. -59.0' 75.4' 131.7,
137.0. IR (neat): 3340(s),2955 (s), '2q07 (s),2870 (s), 1478 (m) 1463 (m), I3g2(m),
i3d3 (m), 1030 (s), 1001 (s) cm-'. HRMS-(ESI+): for CsHroOzNa calc'd: tOZ.i0+g
(M+Na)*, obser\ed: 1 67.1053 (lv{+Na)*. The unpurified reaction mixture was purified on
silica gel with sX%ethyl acetate/hexanes as the eluant to afford a clear oil in 26Yo yield
(13 mg). Rr: 0.22 (500,6 ethyl acetate, stain in PMA,;'
Proof of Configuration.
The l,4-dihydroxylation product (S, n-5.5-dimethylhex-2-ene-1,4-diol was treated
with ozone in the procedure described for (R,A-l-cyclohexylbut-2-ene-1,4-dio1. The
resulting 1,2-diol was treated with Z,Z-dimethoxypropane and catall'tic p-toluenesulfonic
acid at 60 oC for 5 min. The unpurified mixture was passed througha silica gel plug rvith
10%o ethyl acetate/hexanes as the eluant. The resultant ketal was compared to racemic
ketal of 3,3-dimethylbutane-1,2-diol prepared from dihydroxylatron of 3,3-dimethyl-1-
butene with osomium tetraoxide and 4-methyl morpholine N-oxide. The authentic
sample was prepared from tne Sharpless asymmetric dihydroxl'lation of 3,3-dimethyl-l-
butene utilizing AD-mir cr.36
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J.J-./ 1. I)ihoratittn of cis-Piperylene.
'i'he diboration of t;rs-rlinerl'lene v,oS cofiducted according to ihe generat pr,lcerJure
ii: Sec1.tt,,n 3.-r.5.
3.5 12. Dihoration of 1,3-Cyclohexadiene
In the dry box, tcr an 6-drarn vial equipped with a magnelic stir bar r,t'as adC.rd
Pg(dba)t.,rA,2 mg, 0.0093 minoll. micyclohexylphosphine (6.') nrg, 0.C22a remol';1 an*1
toluene G.7 m[ 0.1 M). The metal and tigand were comple>leC for I h, at which tinre
thc rcacticn mixture was charged with R:(pin): (99.7 ffig, U.3927 nnmol) and 1.3-
c.yclohexadiene (30. nng. 0.374 mmol). l'he reaction mixture was sealeci wrth a
p+iyprnpl lene cap, the oap was sealed. with eiectrical tape, a:iC rhe vial w-as rc.moved
fi'om the glove box, The reaction mixr.ure lvas a.llowed to stir at 60 oC for 14 h. 'I'he
reaction mrxture \,vas cooled to ambient tempcrature and solvent \ffas reino sed in vaan .
Tlie unputified reaction mlxture was purified by column chromatography,,.o afford 80 mg
(640,'o yrelcl) of a clear oil. Spectral Cata are in accordance wiifr- simitor ct)Illpounds
reported in the iiterature.s
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